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Investigations of mantle processes in the early Earth have relied heavily on the measurement of 
radiogenic isotopes in ortho-amphibolite rocks, some of which preserve isotope compositions that 
imply a highly heterogeneous Eoarchean mantle source.  The extent to which the Sm-Nd and U-Th-
Pb isotope systems are affected by post magmatic alteration processes has great bearing on the 
validity of these interpretations.  
An acid leaching procedure was carried out to determine the effects of low grade regional 
metamorphism and hydrothermal alteration on Sm-Nd and U-Pb isotope systematics in basalts from 
the Doolena Gap and Warralong greenstone belts (East Pilbara Terrane, Western Australia).  Despite 
having undergone lower greenschist facies metamorphism, magmatic pyroxene and magnetite are 
preserved; as are original basaltic textures. 
The samples from the Doolena Gap and Warralong greenstone belt show pervasive alteration that is 
reflected by high LOIs and highly variable fluid mobile element compositions including Cs, Rb, K and 
Na. In contrast the high field strength elements Ti, Th, Zr, Nd and REE (including Sm and Nd) 
demonstrate magmatic trends, indicating these elements have not been mobilised during secondary 
alteration.  This together with the petrology indicates that the preservation of these Pilbara samples 
is similar to that found in low temperature altered Cenozoic seafloor basalts.  Petrological 
interpretations are therefore based on these least mobile elements. 
Four Doolena Gap basalt samples define a Sm-Nd isochron trend with an initial age of 4080 ± 280 Ma 
(εNd CHUR = 0.5).  It is suggested that this isochron is unlikely to represent two component mixing.  
The calculated age of 4080 ± 280Ma is ~575Myrs older than the reported age of the Mount Ada 
Basalt (3475Ma).  The range in εNd for samples that define the isochron is narrower at 4080Ma (+0.21 
to +0.47) than it is at 3475Ma (-1.1 to +1.6).  This observation is used as evidence to suggest the 
4080Ma older date more accurately models the Nd isotope data.  More isotope data is required to 
validate the Sm-Nd isochron age.  Sm/Nd ratios were inconsistently fractionated during leaching 
highlighting that unleached ratios are better used in isotope regression calculations.  No realistic Pb 
isochron model age could be generated, and evidence from Pb isotope ratios across the leaching 
stages points to the U-Pb isotope system being reset.  
Alteration of the Doolena Gap and Warralong basalts to lower greenschist facies has had a 
significant effect on the bulk rock Nd isotope composition, with the rocks demonstrating highly 
variable unradiogenic Nd isotope compositions. Leaching in dilute HCl removes both secondary 
alteration minerals (carbonate, clays and chlorite) and an unradiogenic Nd component. This 
indicates that the secondary alteration phases contain a component with very low Sm/Nd. The low 
Sm/Nd component in the alteration phases must have a low Nd concentration because it is still 
possible to generate a realistic isochron using the bulk rock 147Sm/144Nd ratio and the leached Nd 
isotope composition.  The Nd that remains after leaching is interpreted to correspond to the primary 
magmatic Nd isotope composition. 
The presence of a secondary Sm/Nd component detected in alteration phases has important 
implications for the interpretation of the isotope composition of the early Earth.  The highly 
radiogenic εNd obtained from early Archean mafic amphibolites like those in the Isua Supracrustal 
Belt, are potentially caused by modification of Sm/Nd during low temperature alteration of the mafic 
protolith and subsequent metamorphic events.  
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CHAPTER 1: INTRODUCTION 
 
The composition of the Earth’s mantle through time, and the processes occurring within, 
can be investigated by analysing the composition of mafic igneous rocks that represent 
direct melts of the upper mantle.  Mafic melts commonly erupt to form basalts, which are 
found in almost all tectonic environments with ages that span Earth’s history.  Radiogenic 
isotope compositions of basalts, such as Sm-Nd and U-Th-Pb isotopes, are powerful proxies 
for modelling crust and mantle evolution.  The measurement of these isotope 
chronometers in Archean (older than 2.5 billion years) terranes has provided invaluable 
information on the composition and dynamics of the early Earth (See Caro, 2011; Kramers 
and Tolstikhin, 1997; and references cited within.   
Nearly all basalts are affected by secondary alteration processes like sub-aerial weathering, 
seawater interaction/alteration, and upon burial hydrothermal alteration and 
metamorphism.  Indeed even newly erupted basalts on the sea floor are immediately 
exposed to alteration as their pillowed surface reacts with surrounding seawater. 
All Archean rocks are pervasively altered or metamorphosed to some extent.  In Archean 
rocks that have only undergone low-grade metamorphism or minor hydrothermal fluid 
interaction, the alteration may not have been as pervasive, allowing some preservation of 
original textures.  Relicts of original magmatic phases may also be present in these cases, or 
at least pseudomorphically replaced by secondary mineral assemblages from which 
primary mineralogy can be deduced (Ardnt et al., 1997).  However even in these well 
preserved rocks, alteration assemblages, particularly those formed during hydrothermal 
fluid and metamorphic reactions, can impart a non-primary chemical signature masking the 
original rock composition. These effects are manifested by the loss/addition of major and 
trace elements, and fractionation of parent/daughter ratios in the long-lived radiogenic 
isotope systems (Bennett et al., 2007; Moorbath et al., 1997; Vervoort et al., 1996). 
Studies of modern seafloor basalts have shown that acid leaching of samples can remove 
the effects of external contamination (e.g. drilling fluids) and seawater 
interaction/alteration (Nobre Silva et al., 2010; Hanano et al., 2009; Thompson et al., 2008; 
Stracke et al., 2003; Verma, 1992; Mahoney, 1987).  The isotopic measurement of material 
dissolved by the acid (termed leachate) characterises the alteration/contamination 
component, whereas the isotope composition of the remaining leached portion (termed 
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residue) represents the rock’s magmatic composition (Nobre Silva et al., 2010).  Hanano et 
al. (2009) compared leached and unleached X-ray diffraction (XRD) patterns of weakly 
altered seafloor basalts, to show a commonly utilised acid leaching procedure was 
successful in removing post magmatic alteration phases.   
Few ancient basalt studies have utilised acid leaching procedures (e.g. Frei et al. 2004).  
None have tested the effectiveness of using the methodology developed for Cenozoic 
hydrothermally altered basalts, despite the higher degrees of post magmatic alteration in 
Archean basalts.  When calculating the age of leached Cenozoic basalts using Nd isotopes, 
it is standard practise to plot the unleached original parent-daughter ratios against the 
leached Nd isotope daughter abundances (Nobre Silva et al., 2010; Hanano et al., 2009; 
Nobre Silva et al., 2009; Weis et al., 2005; Weis and Frey, 2002; Verma, 1992; Weis and 
Frey, 1991; Mahoney, 1987); however Thompson et al. (2008) argues against this approach.  
As leaching before isotopic analysis is not standard protocol for Archean rocks there is no 
data to suggest whether the leached or unleached compositions should be used to 
calculate the magmatic age.  Therefore it is important to assess whether both the acid 
leaching procedure, and the interpretation of Cenozoic basalt isotope data, are also 
suitable for Archean rocks.  
Archean basalts were collected from the East Pilbara Terrane, that have been previously 
interpreted to have erupted in a submarine environment (Ardnt et al., 2001), preserving 
low temperature alteration assemblages (chlorite, quartz, clays, epidote and actinolite) 
with trace amounts of relict magmatic phases.  This alteration assemblage is similar to 
modern hydrothermally altered seafloor basalts (e.g. Honnorez, 2003; Alt et al., 1986), 
which I suggest makes the Pilbara samples ideal candidates for testing acid leaching 
techniques previously only applied to modern ocean floor basalts. 
There are two primary aims for the thesis: 
1. To test whether the primary magmatic Nd and Pb isotope signature of the low degree 
altered Pilbara basalts can be obtained and justified following the leaching procedures 
used for modern day oceanic basalts. The primary magmatic Sm-Nd and U, Th-Pb 
isotope systematics will be considered to be validated if it can be demonstrated that 
these isotope systems have not been significantly affected by secondary 
alteration/metamorphism; and a reliable and realistic isochron is obtained.  The 
primary magmatic isotope composition will be used to compare εNd compositions of 
the Pilbara basalts to  a) modelled primitive mantle in the early Archean, as defined by 
mantle evolution curves; or b) highly radiogenic values observed in the Isua 
Supracrustal Belt basalts, also emplaced during the early Archean.  In addition analysis 
of the U, Th-Pb system will allow to test the heterogeneity of Pb isotope compositions 
in Pilbara basalts. 
2. To test if the age of alteration can be obtained by utilising a sequential leaching study 
of low degree altered basalts.  Plotting the Pb isotope compositions’ of the original 
rock, sequential leached residues and leachates should define an isochron that can be 
used to determine when the U-Pb system was last closed (Frei and Kamber, 1995). This 
model age can be correlated broadly to regional tectonic events that may have affected 
the samples locally.  
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CHAPTER 2: REGIONAL AND LOCAL GEOLOGY 
2.1 Regional Geology 
The Northern Pilbara Craton, located in Western Australia, is one of the best preserved and 
least metamorphosed exposures of early Archean crust in the world.  The rocks contain 
many of the original fabrics and relationships that formed between 3520 to 2940Ma (Van 
Kranendonk et al., 2006a).  The Northern Pilbara has been subdivided into 5 fault bounded 
lithotectonic terranes based on geochemistry and geological history: East Pilbara Terrane 
(3525-3165 Ma), Karratha Terrane (c. 3280-3250 Ma), Regal Terrane (c.3200 Ma), Sholl 
Terrane (3130-3110 Ma)  and Kurruna Terrane (≤3180 Ma)  (Van Kranendonk et al., 2006b) 
(See Figure 1).  The Mallina Basin (between the West Pilbara Superterrane and East Pilbara 
Terrane), and the Mosquito Creek Basin (between the Kurrana and East Pilbara Terranes) 
are also considered distinct lithotectonic terranes.  The Karratha, Sholl and Regal Terranes 
are grouped into the West Pilbara Superterrane as they collided with the East Pilbara 
Terrane at c. 3050 Ma as a single entity (Van Kranendonk et al., 2006b).   
The East Pilbara Terrane is the oldest part of the craton, created between 3525-3165 Ma 
on top of crust as old as 3720 Ma and affected by subsequent events to 2830 Ma.  The last 
significant metamorphic event was between 2950 and 2900 Ma which was focused along 
collision zones in the northwest and southeast of the craton, and not on the crust in the 
East Pilbara Terrane.  Subsequent deformation during the Proterozoic was largely confined 
to the southern and eastern margins of the craton.  It is separated from other basins by syn 
to late tectonic sedimentary basins filled by the dominantly sedimentary De Gray 
Supergroup which is the unconformable cover sequence in both the West Superterrane 
and East Pilbara Terrane (Van Kranendonk et al., 2006b).  The underlying rocks in the East 
Pilbara Terrane are part of the Pilbara Supergroup, containing belts of steeply dipping 
volcanic and sedimentary rocks referred to as greenstones, which were deposited between 
3523 and 3165 Ma.  The East Pilbara Terrane is also intruded by granitic rock suites that are 
dated between 3500 and 2830 Ma, averaging 35-120km in diameter and composed of 
trondhjemite to monzogranite (Van Kranendonk et al., 2006b; Hickman, 1983).  The Pilbara 
Supergroup is separated into five groups (Figure 2) which are (lowest to highest): the 
Warrawoona Group, Kelly Sulphur Springs Group, Soanesville Group, and Gorge Creek 
Group (Van Kranendonk et al., 2006a). 
The Warrawoona group comprises volcanic and sedimentary packages dated at 3525-
3426Ma, making up part of elongate, steeply dipping greenstone belts that are intruded by 
domal trondjemite-monzogranite complexes (Van Kranendonk et al., 2006b).  The 
stratigraphy comprising the Warrawoona Group, starting with the oldest, are the 
Coonterunah, Talga, Coongan and Salgash Subgroups.  The oldest granitoid complex, the 
Callina Supersuite, intruded into the Coongan Subgroup at 3490-3460Ma.  This event was 
accompanied by deposition of the Duffer Formation, and occurred after extrusion of the 
Mount Ada Basalt (Van Kranendonk et al., 2006b).  The upper contact of the Warrawoona 
group is defined as the Strelley Pool Formation, which was deposited on a major regional 
unconformity that has been correlated across the East Pilbara Terrane (Van Kranendonk et 
al., 2002).   
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Figure 1 - Geological map of the northern part of the Pilbara Craton.  
































Figure 2 - Lithostratigraphic
column of the Pilbara 
Supergroup in the East Pilbara 
Terrane, including approximate 
timing of granitic intrusion 
events (After Van Kranendonk
et al, 2006b).




2.2 Local Geology  
The greenstone belts found in the East Pilbara Terrane have some of the best preserved 
and least metamorphosed Early Archean rocks in the world.  The rocks contain primary 
textures and magmatic phases, as well as original depositional structures.  The East Pilbara 
Terrane presents one of the best opportunities to study authentic geochemical signatures 
of Archean environments and geological processes.  Despite this great potential, the East 
Pilbara has been relatively under-studied compared to the well-known Archean belts in 
Greenland and Canada.   
 
Sampling was carried out in two greenstone belts within the East Pilbara Terrane: the 
Doolena Gap and Warralong greenstone belts.  The locations of these belts are shown in 
Figure 3. 
       
 
Figure 3 – Location of greenstone belts and granitoid complexes in the East Pilbara Terrane, with red circles 
designating sampling locations.  Names of granitic complexes: C - Carlindi; M – Muccan; W – Warrawagine; E – 
Mount Edgar; O – Corunna Downs; S -Shaw; Y – Yule (From Hickman, 2012b). 
The Doolena Gap greenstone belt and the Warralong greenstone belt are 10km apart, and 
wrap around the southern margin of the Muccan Granitic Complex.  Both belts contact the 
late Archean Mt Roe Basalt in the south, with the Carlindi Granitic Dome bounding the 
western edge of the Warralong greenstone belt.  The eastern contact of the Doolena Gap 
greenstone belt is regionally a serpentinised Archean meta-dunite (Van Kranendonk, 2010).   
The Warrawoona Group is assigned to the units underlying the Strelley Pool Formation in 
both the Doolena Gap and Warralong greenstone belts, based on the similarity of 
stratigraphy below the Strelley Pool Formation in other greenstone belts.  Samples 
collected for this study were sampled in areas mapped as Mount Ada Basalt in both the 
Warralong and Doolena Gap greenstone belts.  The Mount Ada Basalt, along with the partly 
coeval Duffer Formation, is part of the Coongan Subgroup that was emplaced between 
~3460-3470 Ma (See ages summarised in Van Kranendonk et al., 2002, p.727). 
At Doolena Gap, the Coongan Subgroup is south-facing and overturned, with the base of 
the Mount Ada Basalt unconformably intruded by granitic rocks, and overlain to the south 
by the Strelley Pool Formation.  The Coongan Subgroup is west facing and overturned in 
the Warralong greenstone belt.  The Mount Ada basalt is conformably overlain by the 
Duffer Formation in some areas, but is also unconformably overlain by the Mesoarchean 
Gorge Creek Group sediments in other parts of the Warralong greenstone belt (Figure 4).   
The Mount Ada Basalt consists of mainly pillowed (Figure 7) and massive basalt, and 
pyroxene spinifex-textured picrites.  A minor component of this formation consists of thin 
chert, and felsic and mafic metavolcanic units (Van Kranendonk, 2004; Hickman, 1977).   
Structurally the Doolena Gap greenstone package has been interpreted as a tightly folded 
south verging synclinorium (Nijman et al., 1999).  The vertical to overturned northern flank 
of the Doolena Gap greenstone belt along the Muccan Granitoid is intensely structurally 
deformed.  The southern flank, which Nijman et al. (1999) interpreted to be the Marble Bar 
greenstone belt, dips to the north at 40-80˚ and has an undeformed contact with the 
Mount Edgar batholith.  This southern limb generally youngs to the north and bedding is 
oritented east-west (de Vries et al., 2006).  The earliest structural components are 
expressed by early-formed shear zones within the Warrawoona group, which were 
deformed during the folding associated with the regional synclinorium.  This was followed 
by emplacement of dolerite dykes (Correlated to Black Range Dolerite Suite of Zegers, 
1996) and 60˚E striking faults, which are offset by late dextral strike-slip faults (Nijman et 
al., 1999). 
Detailed field investigations of the North Pilbara Craton between approximately 1994 and 
2001 (the results of which are summarised by Van Kranendonk et al., 2002) lead to the 
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observation that synclinal greenstone packages between granitic complexes, previously 
considered  single greenstone elements, can be considered as two unique greenstone 
packages separated by major faults along their central axes.  For example the greenstone 
stratigraphy between the Muccan and Mount Edgar granitic complexes was separated into 
the northern Doolena gap and southern Marble Bar greenstone belts.  At the time the 
Warralong greenstone belt was not officially separated into two belts, but Hickman (2013) 
suggests that the structurally complex Warralong belt is likely to also be separated along a 
major fault axis. 
 
 Figure 4 – Overview of stratigraphy mapped in four greenstone belts including the two sampled in this study (Doolena Gap and Warralong greenstone belts). The Marble Bar greenstone belt 
is considered the type example for the Coongan Subgroup. Schematic stratigraphic sections and stratigraphic names from Van Kranendonk et al. (2006b)




 Figure 5 - Warralong greenstone belt with sample locations (red squares). Thick grey lines are linear structures.  The surface geology is from the Coongan 1:100 00 digitised geological 
mapping (Van Kranendonk, 2004).  Grid projection is in Lat/Long (WGS84).
 Figure 6 - Doolena Gap greenstone belt with sample locations (red squares) and Pb sample from Doolena Gap Mine (Light blue square).  Thick grey lines are linear structures.  1:100 000 
surface geology is from Coongan mapsheet (Van Kranendonk, 2004).  Grid projection is in Lat/Long (WGS84) 




Figure 7 - Example of pillow textures observed in the field (Doolena Gap greenstone belt). Notebook is 17cm 
long. 
2.3 Mount Ada Basalt Previous Geochemical Sampling  
There has been no previous sampling of the Mount Ada Basalt from the Doolena Gap or 
Warralong greenstone belts.  Sampling of Mount Ada Basalt from the Marble Bar 
greenstone belt is reported on by Smithies et al. (2007) who presents major and trace 
element results; Gruau et al. (1987) and Nelson (1999) who provide Sm/Nd isotope data; 
and Thorpe et al. (1992) who detail results of lead isotope dating.  
Mount Ada Basalt tholeiites have generally high-Ti compositions but low-Ti rocks also occur 
(Smithies et al., 2007).  Incompatible trace element concentrations for the low-Ti basalts 
are lower than the high-Ti basalts and have no negative Nb anomaly compared to primitive 
mantle.  Low [La/Yb]PM (0.89-1.1) and very low [La/Sm]PM (0.74-0.8) ratios indicate that the 
source for the low-Ti basalts was significantly more depleted than the high-Ti basalts 
(Smithies et al., 2007).   
Gruau et al. 1987 obtained an isochron date for the Mount Ada Basalt in the Marble Bar 
greenstone belt of 3715 ± 170 Ma εNd (T) = +1.4 ± 0.8.  However they discount the 3712 ± 
98 Ma age for the Talga Subgroup (determined from a Sm-Nd isochron using samples of 
Mount Ada Basalt and North Star Basalt samples).  This was based on anomalously high εNd 
values for LREE enriched felsic volcanic rocks that indicate the isochron is in fact a mixing 
line, and suggest that an eruption date of around 3500Ma is more likely.  A U-Pb SHRIMP 
age of 3469 ± 3Ma was measured from a sample of Mount Ada Basalt lapilli tuff in the 
Marble Bar greenstone belt (Nelson, 1999).  Thorpe et al. (1992) reports on a lead isotope 
age of 3329Ma from galena hosted in a shear zone within the Mount Ada Basalt volcanics.
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CHAPTER 3: METHODOLOGY 
This section provides an overview of the field and geochemical analysis techniques.  For a 
more detailed description of the methodology see Appendix. 
3.1 Sample Collection 
Basalt samples were collected from the Doolena Gap and Warralong greenstone belts which 
are mapped as Mount Ada Basalt.  Sampling sites were chosen where outcrops were in-situ 
and preferably had observable pillow textures.  A sledge hammer was used to break pillows, 
and samples were selected from the innermost portion of the pillow (some carbonate pillow 
rinds were also collected).  A portion of each sample was broken down to smaller fragments on 
site to reduce contamination later on in the process.  Larger blocks were cut at Queensland 
University of Technology (QUT) and University of Queensland into billets, and sent to be 
mounted into thin sections at the Petrographic International Company.  Sample locations are 
tabulated in Appendix 7.   
3.2 Geochemical Analysis Technique Overview 
Samples were prepared for trace element and isotope analysis in the Radiogenic Isotope 
Facility at the University of Queensland.  Scanning electron microscopy (SEM) analysis and 
wave dispersive spectroscopy (WDS) were carried out at James Cook University on a Jeol 
JXA8200 EPMA spectrometer.  Analyses carried out for each sample are summarised in Table 
1. 
  









XRD Pb isotope  Nd Isotope 
 
AH-01       
AH-04       
AH-05       
AH-06          
AH-09          
AH-10           
AH-12             
AH-14           
AH-18          
AH-22          
AH-23          
AH-24          
AH-25             
AH-26             
AH-28          
AH-29             
AH-30           
AH-31           
 
3.2.1 X-Ray Diffraction (XRD) Analysis– Mineral Phase Identification 
Samples were powdered and analysed at Queensland University of Technology (QUT).  Mineral 
phase analyses were carried out on original, 0.5N residue and 6N residue samples.  Clay 
analysis was only carried out on original samples.  For the XRD clay analysis, samples were 
dispersed in H2O, and allowed to settle for 5 minutes.  The top ~5mm of solution was removed 
(this should equate to a <5µm size fraction) and dripped onto a silicon low background plate to 
dry.  This process was repeated on another silicon plate treated with ethylene glycol to detect 
presence of smectite clay in sample.  The clay analysis was collected on a XPERT-PRO XRD 
machine at a range of 4-42˚2θ utilising CoKα radiation for 6 minutes each.   
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Powdered samples for XRD mineral phase identification were loaded onto a quartz low 
background plate with a 20mm diameter, 1mm deep depression.  The analysis was collected 
on a XPERT-PRO XRD machine at a range of 3.5-75˚ 2θ utilising CuKα radiation for 1 hour per 
sample.   
3.2.2 X-Ray Flourescence (XRF) - Major Element Analysis 
Major elements were measured by X-Rray Fluorescence (XRF) at ALS laboratories in Brisbane.   
3.2.3 Inductively Coupled Plasma Mass Spectroscopy -Trace Element 
Analysis 
Trace element analysis for original and leached samples were carried out on a multi-collector 
inductively coupled plasma-mass spectrometer (ICP-MS) at the University of Queensland, 
University of Melbourne and Laurentian University Ontario Cananda.    
The ICP-MS procedure for trace element analysis at the University of Queensland follows the 
protocol by Eggins et al. (1997) and was modified by the Radiogenic Isotope Laboratory 
(Kamber et al., 2003).  Samples were analysed on a Thermal X series equipped with an ASX-
510.  Sample solutions were diluted to 4000 times and added with 12ppb 6Li, 6ppb 61Ni, Rh, In 
and Re, Bi, and 235U internal spikes. USGS W2 was used as the reference standard, and crossed 
checked with BIR-1 or other reference materials. Instrument drift mass bios were corrected 
with internal spikes and external monitors. Monitors used were STD w2a, W2, W2 (MPI), BCR-
1, BCR-1(MPI), BHVO-2.  
3.2.4 Multicollector Inductively Coupled Plasma Spectroscopy (MC-
ICP-MS) - Pb and Nd Isotope Analysis 
Neodymium isotopes were analysed on the Nu Plasma HR MC-ICP-MS with a DSN-100 
dissolvation nebulizing system, using a three-cycle dynamic procedure. Instrument bios and 
mass fractionation was corrected by normalization raw ratios to 146Nd/144Nd = 0.7219. Eleven 
measurements of JNdi-1 yield an average 143Nd/144Nd = 0.512113 ± 9 (No=11), which is 
consistent with the consensus value: 0.512115 ± 7. Lab standard, Ames Nd Metal were used as 
routine instrument drift monitor, correspondent with JNDi-1, 17 analyses yield an average of 
143Nd/144Nd = 0.511966 ± 16. This value was used as calibration reference for instrument drift, 
which is usually less than 15ppm.  
Pb separate from column chemistry was doped with 4-5 ppb Tl for internal fractionation 
correction. The 205Tl/203Tl ratio of 0.23875 was used for fractionation correction. Thirteen 
analyses of NBS-981 in a same batch with unknown samples, yield average ratios with 2 
 standard deviations.  The standard deviations were: 208Pb/204Pb = 36.7071 ± 79; 207Pb/204Pb = 
15.4944 ± 22; 206Pb/204Pb = 16.9370 ± 31; 208Pb/206Pb = 2.16729 ± 16; 207Pb/206Pb = 0.91483 ± 6. 
The ratios were slightly different from the report by Collerson et al. (2002), which values were 
used for a further minor correction. 
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CHAPTER 4: PETROLOGY 
Hydrothermal fluid and metamorphic reactions can impart non-primary chemical signatures to 
rocks which mask the magmatic rock isotope composition (Vervoort et al., 1996; Moorbath et 
al., 1997; Bennett et al., 1998).  Acid leaching of Cenozoic seafloor basalt samples prior to 
geochemical analysis has been shown to be effective in removing secondary alteration 
components, thereby reducing their influence to whole rock geochemical compositions (Nobre 
Silva et al., 2010; Hanano et al., 2009; Thompson et al., 2008; Weis et al., 2005; Stracke et al., 
2003; Verma, 1992; Mahoney, 1987).  Leaching procedures designed for Cenozoic seafloor 
basalts are more likely to be suitable for the Archean Pilbara samples if they both have similar 
alteration phases present.  It is therefore necessary to classify and interpret secondary 
mineralogy to identify primary textures and/or minerals which indicate some magmatic 
chemistry being preserved. 
Thin sections were initially studied using optical microscopy, and further constrained using 
back-scatter electron imaging.  Quantitative point analyses were carried out using wavelength 
dispersive spectroscopy to determine the chemistry of potential magmatic minerals. 
4.1 Results 
4.1.1 Petrology 
The Mount Ada Basalt samples from the Doolena Gap greenstone belt (herein referred to as 
‘Doolena’ samples, AH04 to AH26) are all fine grained and variably altered to lower greenschist 
facies metamorphism.  AH12 contains chlorite-replaced relict pyroxene grains, some of which 
preserve fragments of primary pyroxene.  Skeletal magnetite was observed in all samples.  
Most relict plagioclase lathes have been replaced by calcite, but in some cases only albitisation 
has occurred, and polysynthetic twinning is preserved.  Seven samples (AH9, 12, 23, 24, 2, 30 
and 31) preserve a basaltic texture in which the alteration assemblage is consistent with lower 
greenschist facies metamorphism; dominantly chlorite and calcite, lesser quartz and clay, and 
two samples with trace epidote.  The other five samples (AH, , 10, 14, 18 and 22) have no 
resemblance of basaltic textures and only trace amounts of relict phenocrysts.  These samples 
contain more euhedral secondary alteration minerals including one sample with actinolite, 
suggesting a higher degree of metamorphism.      
The Mount Ada Basalt samples from the Warralong greenstone belt (herein referred to as 
‘Warralong samples’, AH28 to 31) do not preserve the primary intersertal textures seen in the 
 Doolena Gap samples.  However AH29 still contains trace primary pyroxene fragments that are 
altering to chlorite, as well as replaced relict olivine structures.  The alteration assemblage is 
similar to the Doolena Gap samples; dominated by calcite and chlorite, with trace epidote and 
actinolite.  Round 1-1.5cm zones/ocelli can be seen in AH30 and AH31.  These features are 
regularly seen in Archean basalts although it is not known whether these represent alteration 
features or magma mixing processes (Ardnt et al., 1997).  These ocelli contain chlorite, calcite 
and titanate alteration phenocrysts; some of which are subhedral and possibly represent relict 
pyroxene and olivine phases.  Filling in between these relict minerals are replaced albite-
shaped phases altering to brown clay.  Both the ocelli and host rock contain acicular isotropic 
needles that may represent secondary infilling of the boundaries of larger phenocrysts, or a 
result of devitrification. 
The degree to which samples preserve basaltic texture and percent abundance of magmatic 
minerals are summarised in Table 2. 
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Primary Albitised Relic Primary Relic Primary Relic Primary Relic Primary
AH-05 80 70
AH-06 90 35 10
AH-09 60 50
AH-10 90 5 5 5
AH-12 25 10 55 1 10 10 1
AH-14 90 1 5
AH-18 100 1 10
AH -22 100
AH-23 50 1 59 5 15
AH-24 50 5 45 15
AH-25 30 35 40 5 5 1
AH-26 100 5 10
AH-28 100
AH-29 85 2 3 1 10
AH-30 30 20 10 20
AH-31 70 20 15 10
Degree of textural 
destruction
Magmatic Minerals (% Abundance)
PyroxenePlagioclase Olivine Magnetite
Degree of Textural Destruction
0 Perfect Basalt
25
Mineralogy mostly pseudomorphed primary phases, plagioclase is all albitised and shows some twinning.  Some 
magmatic phases present, preserves basaltic texture
50 Made up almost entirely of pseudomorphed primary phases, plagioclase replaced by calcite,  preserves basaltic texture
75 Mostly pseudomorphed primary phases with recognisable basaltic texture
100 No relict phases, alteration minerals replaced original fabric 
 4.1.2 SEM Chemistry Point Analyses 
Three samples were analysed using back scatter electron imaging and wavelength dispersive 
spectroscopy: 
AH12: Using the backscatter electron imaging remnants of clinopyroxene (<10µm width) 
altering to actinolite were identified in AH12 (Figure 8).  Weight percentages from wavelength 
dispersive spectroscopy were recalculated and plotted on a classic ‘pyroxene quadrilateral’ 
classifying them as have a dominantly diopside endmembers (Figure 9).  Alteration phases for 
AH12 included epidote, quartz, albite, potassium feldspar and chlorite.  Although well 
preserved plagioclase lathes could be seen in back scatter imaging, they have been completely 
altered to albite. 
 
AH10:  Primary titanomagnetite was found in phases that were partly altering to titanate, as 
well as fine needles of apatite.  Alteration phases included calcite, titanite, quartz, potassium 
feldspar, apatite and chlorite. 
 
AH25: Contained minor magnetite and alteration phases including albite, titanite, calcite and 
chlorite. 
4.2 Discussion 
4.2.1 Comparison of Modern and Archean Alteration Styles 
The alteration phases present in the Archean samples from the Doolena Gap and Warralong 
greenstone belts, affected largely by low-grade regional metamorphism, are similar to those 
seen in modern hydrothermally altered seafloor basalts (Honnorez, 2003).  In addition the 
presence of pillow structures and quench textures suggest interactions of the basalts with 
water, which is compatible with marine environments where mid-ocean-ridge-like 
hydrothermal activity may have occurred (Kitajima et al., 2001).  Modern, moderately altered 
seafloor basalts have a pillow rim or margin that has calcic plagioclase and olivine altered to 
mostly albite (less often by epidote) and chlorite respectively, and titanomagnetite replaced by 
titanite.  This alteration decreases towards the centre of the pillow.  Less common alteration 
products include actinolitic amphibole, pyrite and quartz (Seyfried et al., 1978).  The Warralong 
and Doolena Gap samples preserve almost identical alteration phases to those reported in 
moderately altered seafloor basalts, although calcite is more abundant in the Pilbara samples. 
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Samples contain an abundance of calcite in the groundmass, as vein fill, and infilling large 
vugs/voids within pillows.  Hydrothermal alteration during the Archean would have occurred in 
the presence of fluids that had higher CO2 concentrations than those commonly found at mid 
ocean ridges today, which led to greater amounts of secondary calcite and pervasive 
albitisation of igneous calcic plagioclase (Shibuya et al., 2007; Terabayashi et al., 2003; Kitajima 
et al., 2001).   
 
4.3 Conclusion 
The least altered Mt Ada basalt samples from the Doolena Gap and Warralong greenstone 
belts have analogous mineralogy to Cenozoic altered oceanic basalts (except for higher 
secondary carbonate minerals) and the secondary alteration can be treated as such.  SEM 
analysis indicates some primary mineralogy has been preserved. 
   
  
  
Figure 8 – Example of back-scattered electron (BSE) imaging  of primary diopside in sample AH12.  The red cross in 
magnified inset indicates WDS spot analysis location.  Abbreviations: Qtz=Quartz; K=Potassium Feldspar; 
Act=Actinolite; Epi=Epidote; Al=Albite; Cpx=Clinopyroxene; Chl=Chlorite. 
  





Figure 9 - Pyroxene compositions from oxide recalculated WDS analyses. Weight percentages were recalculated 
based on 6 oxygens and 100% normalised to Ca, Mg and Fe. 
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All Archean basalts have been affected by some secondary alteration potentially masking the 
original geochemical composition.  However petrogenetic interpretations can be based on 
those elements determined not to be significantly affected by post-magmatic alteration.  
Anomalous major and trace element compositions can be observed by comparing Archean 
basalt samples to other known basalt compositions.  These anomalies may indicate mobility 
caused by secondary alteration or reflect petrogenetic processes. 
5.1 Results  
The basalt discrimination diagram for altered basaltic rocks (Viljoen et al., 1982) is presented in 
Figure 10 and classifies the Pilbara samples as tholeiites, Fe-tholeiites and high-Mg (komatiitic) 
basalts.  Loss on ignition (LOI) values are in general quite high, suggesting that hydrous 
alteration is a significant component in both Doolena and Warralong samples (See appendix 
for all geochemistry results).  Excluding those samples with LOI greater than 8 (AH06, AH22, 
AH23, AH31), the Doolena and Warralong basalts have similar major element compositions, 
for example: SiO2, 42-56wt%; TiO2, 0.7-1.2wt%; Al2O3 11-15.5wt%.  MgO exhibits the most 
variation at 3.1-11wt%. 
 





Figure 10 - Basalt classification for samples with available major element analysis.  Doolena Gap samples (circles), 
Warralong samples (squares). Recreated from Viljoen et al. (1982) and recalculated as anhydrous. 
The elements Cs, Rb, Ba, Sr are highly anomalous compared to primitive mantle across all 
samples.  Elements Th, Nb, Zr, Y, Ta and Hf vary from 2 to 8 times primitive mantle for Doolena 
samples; and 4 to 13 times primitive mantle for Warralong samples (see spider diagrams in 
Figure 11).  Nearly all Doolena and Warralong samples have mantle-normalised high Sr 
anomalies and lesser Pb anomalies; and some samples show slight Eu and U anomalies.  The 
chondrite normalised REE patterns for Doolena samples are fairly flat, except for the slight Eu 
anomalies.  Doolena samples AH26 and AH22 have primitive mantle normalised light rare 
earth element (LREE) enrichments relative to their heavy rare earth elements (HREE).  
Thorium/Nb ratios vary from 0.07-0.16 and 0.10-0.17; and Nb/Yb range 0.95-4.92 and 1.67-





Figure 11 - Trace element spider diagrams for Doolena Gap greenstone belt (Top), and Warralong greenstone belt 
(Bottom).  Samples are normalised to primitive mantle (PM) from Sun and Mcdonough (1989).  Open squares are 







































Figure 12 – Rare earth element plots for Doolena Gap (top) and Warralong (bottom) samples. Samples are 


















































 5.2 Discussion  
5.2.1 Element mobility during metamorphism and hydrothermal 
alteration 
The interpretation of Archean volcanic rocks is greatly hindered by alteration.  As all Archean 
volcanic rocks have been affected by some degree of metamorphism or hydrothermal 
alteration, there is no unaltered Archean basalt standard to compare chemistries with.  
Petrologically the Doolena Gap and Warralong Basalts preserve lower greenschist facies 
alteration phases resulting from regional metamorphism, as well as the high abundance of 
carbonate suggesting interaction with a CO2-rich hydrothermal fluid (e.g. Kitajima et al., 2001).  
In altered mafic volcanic rocks elements such as Ca, Pb, Rb, Ba and Sr become highly mobile 
during metamorphism and hydrothermal alteration (Ludden et al., 1982).  Transition elements 
and Si have been shown to be immobile and mobile in different settings (De Wit and Ashwal, 
1997).  Conversely there are elements that are known to partition less readily from basalts into 
fluids.  These elements include: Al, Th, Ti, other high-field-strength elements (HFS) including 
Nb, Zr, Y, Ta, P, Sc and Hf; REE and some transition elements (Co, Ni, V, Cr) (e.g. Gillis et al., 
1992; Pearce, 1983; Ludden et al., 1982; Ludden and Thompson, 1978).  Even in samples 
preserving higher degrees of alteration that have mobilised the REE, element ratios like Zr/Y 
and Zr/Ti have been shown to be unaffected by alteration (Ludden et al., 1982).   
Zirconium, one of the least mobile elements, is often used in petrological studies as an 
alteration-independent index to identify elemental variations in Phanerozoic igneous rocks, 
and has also been applied to Archean rocks (Polat et al., 2002).  Scatter observed in Harker 
diagrams for CaO, Na2O, Ba, Rb, Pb and Sr relative to Zr show that these elements have been 
affected by secondary alteration (Figure 13).  Elements known to be immobile during low 
grade alteration (TiO2, Th, Sm, Nd) are positively correlated and exhibit low scatter, suggesting 
that these elements are representative of magmatic abundances (Figure 14).   
From studies of modern rocks it is known that partial melting affects trace elements in a 
predictable manner according to the incompatibility of elements.  When the normalised trace 
elements are plotted from high to low compatibility (Figure 11), abrupt 
depletions/enrichments in single elements or irregular overall trends are possible artefacts of 
alteration (as well as some primary processes like fractional crystalisation) (Ludden et al., 
1982).  Some mobile elements (Cs, Rb and Ba) are highly variable and reflect alteration 
processes, which is consistent with scatter observed in the Harker diagrams.   
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Strong Sr depletions are observed in all samples except AH12 and AH26, which can be 
correlated to the presence of carbonate and secondary epidote phases seen in thin section.  It 
is postulated that during carbonatisation the very mobile Sr held within the Ca-rich plagioclase 
phases will be removed, causing depletions in Sr.  Where carbonatisation of magmatic 
plagioclase is minor, Sr is less anomalous.  In samples subject to epidotisation rather than 
carbonatisation, either no Sr anomaly occurs (as in AH26), or a Sr enrichment is present (as in 
AH12).  It has been suggested that Sr is leached from the edges of the pillow during 
hydrothermal alteration, and redeposited in Ca-rich phases like epidote, increasing the overall 
Sr composition (Ludden et al., 1982).   
Chondrite normalised REE plots are generally flat across all samples suggesting the REE system 
has been largely unaffected by alteration (See Figure 12).  The LREE enrichment seen in six 
samples (AH-26,-28,-29,-30,-31,-44) may suggest either different melting processes or 
continental crust contamination (discussed in the next section, ‘Source Characteristics’).  While 
AH22 also has LREE enrichment, it has a correspondingly significant HREE depletion relative to 
other samples, a LOI of 19.2 and no basaltic texture in thin section; all of which are strong 
indicators that AH22’s REE chemistry has been reset.   
Both Doolena Gap and Warralong samples have notable Eu anomalies which can be explained 
in two ways; crystallisation of primary plagioclase in mafic melts, whereby Eu2+ partitions 
preferentially for Ca2+ during crystallisation of primary plagioclase in mafic melts (Philpotts and 
Schnetzler, 1968); or resulting from fluid interaction due to reduction of Eu3+ to Eu2+ (Bau, 
1991).  Europium anomalies arising from water-rock interactions are seen in Archean 
komatiites, even though plagioclase is not a significant mineralisation phase in that rock type.  
Additionally Archean basalts studied from the same location with co-genetic magmatic 
evolutions often have non-systematic Eu anomalies (Sun and Nesbitt, 1978).  The Doolena Gap 
and Warralong samples are tholeiitic basalts in which plagioclase fractionation is expected. 





Figure 13 – Selected major and trace element Harker diagrams for mobile elements from the Warralong and 
Doolena greenstone belts. The scattering of mobile elements suggests they have been strongly affected by 
secondary alteration. Major elements have been recalculated as anhydrous.  Zr values for AH26 (108.9) signify that 
it has been subject to different petrogenetic conditions to the other samples.  Major elements are in weight 

















































































Figure 14 – Selected major and trace element Harker diagrams for immobile elements from the Doolena and 
Warralong greenstone belts. Immobile elements are strongly positively correlated with Zr, which is an indication 
that they represent the magmatic compositions.  Symbols are as Figure 13. Major elements have been recalculated 
as anhydrous.  Zr values for AH26 (108.9) signify that it has been subject to different petrogenetic conditions to the 
other samples.  Major elements are in weight percent, and trace elements are in ppm.  
 
5.2.2 Classification of ‘least altered’ and ‘highly altered’ samples 
Classification of samples into least altered and highly altered was based on criteria used by 
Polat et al. (2002) who used LOI and Ce anomalies to classify alteration in volcanic rocks from 
















































































 interaction, which is suggested to result from oxidation of Ce3+ to Ce4+, and precipitation of 
Ce4+ from solution as CeO2 (Polat et al., 2002; Kagi and Takahashi, 1998; Wilde, 1995; Braun et 
al., 1993).  Samples with Ce anomalies outside the range of 0.9 and 1.1 and/or having LOI 
values greater than 7.5 wt. %, were considered highly altered.  Only one sample had a Ce 
anomaly close to the cut-off at 1.09, but seven samples had LOI’s higher than 7.5 wt.%.  The 
samples from the highly altered group are also the samples with the greatest Pb anomalies.  





Despite some open system behaviour seen in mobile elements for the Doolena Gap and 
Warralong basalts, elements including Ti, Th, HFS and REE are considered to be reliable 
representations of the basalts’ primary magmatic chemistry.  Therefore petrogenetic 
interpretations in this study will rely on the elements shown to be immobile. 
Sample Ce/Ce* LOI 
Highly Altered 
AH06 1.05 10.3 
AH14 1.02 11.4 
AH18 1.01 7.6 
AH22 1.04 19.2 
AH23 0.94 13.2 
AH24 1.09 5.8 
AH31 1.02 12.5 
AH28 1.00 8.4 
Least Altered 
AH09 0.99 7.5 
AH10 1.02 7.4 
AH12 1.03 3.1 
AH25 1.04 7.0 
AH26 1.02 5.7 
AH29 1.04 4.0 
AH30 1.04 6.9 
Table 3 – Highly altered and least altered sample Ce anomaly (Ce/Ce*) and LOI values 
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5.2.3 Source Characteristics, Crustal Contamination & Tectonic 
Environment 
Utilising a Ti-Zr-Y discrimination diagram, all Warralong samples plot as ‘oceanic basalts’, while 
the Doolena samples plot as ‘oceanic basalts’ as well as ‘within-plate’ basalts (Figure 15).  An 
oceanic tectonic environment is consistent with nearly all basalt samples preserving pillow 
structures in the field (Figure 7).  Thorium/Nb versus Nb/Yb discrimination diagrams (Figure 
16) have Doolena and Warralong samples plotting on/along the edge of the MORB-OIB array, 
and between enriched MORB (E-MORB) and depleted MORB (N-MORB).  This is further 
evidence of oceanic-tectonic affinity, and suggests high degrees of partial melting (low Th/Yb) 
of a relatively fertile mantle (Pearce, 2008).   
A hotly debated question in the literature is the degree to which Warrawoona basalts contain 
evidence of containing or interacting with felsic crust (Tessalina et al., 2010; Smithies et al., 
2009; Smithies et al., 2005; Bolhar et al., 2002; Ardnt et al., 2001; Green et al., 2000).  The fact 
that samples plot almost entirely on or above (except for 1 highly altered sample, AH22) the 
MORB-OIB array suggests that samples may preserve traces of a crustal component (Pearce, 
2008).  Crustally contaminated Archean basalts from the Superior Province have (La/Sm)n and 
Th/Ce ratios above 1.5 and 0.05 respectively (Kerrich et al., 1999).  The Doolena and Warralong 
samples have (La/Sm)n and Th/Ce ratios well below these cut-offs except for two samples 
(AH09 and AH28) (Figure 17).  All Pilbara samples have Th/Nb ratios less than 0.2, which 
indicates <5% crustal contamination and/or no subduction component (Condie, 2003).  The 
trace element proxies therefore suggest there is evidence for a possible minor crustal 
component.  Slight LREE enrichment for some samples seen in trace element plots (Figure 11) 
also lends support for an element of crustal contamination.  Crustal contamination explains 
why some samples plot as ‘within-plate’ basalts in Figure 15.  The relatively more significant 
LREE enrichment seen for AH26 could be explained by higher degrees of crustal contamination 
or more likely by melting processes.  For example if melting occurred within the garnet 
stability zone the HREE’s in the melt would preferentially partition into the garnet-rich residue, 
leaving the melt deprived of HREE relative to LREE in a normalised spider diagram (Arndt, 
2003). 
Defining a tectonic environment is not the focus of this study.  However the combination of an 
oceanic basalt chemistry in combination with a minor crustal component is consistent with 
arguments for the Warrawoona Supergroup basalts  erupting in an oceanic plateaux 
environment on pre-existing continental crust (Van Kranendonk et al., 2006a; Van Kranendonk 




Figure 15 – Basalt tectonic environment discrimination diagram  with samples plotting as dominantly ocean-floor 
environment, as well as some as within-plate basalts (Recreated from Pearce and Cann, 1973).   





Figure 16 - Oceanic basalt discrimination plot showing samples plotting close to an enriched mid ocean ridge 
(MORB) type basalt.  The slightly enriched Th/Nb outside the MORB-OIB array can be interpreted as either minor 
crustal contamination, or that a primitive mantle (PM) component is present.  N-MORB = Normal MORB. Symbols 

















Figure 17 - Comparison of element ratios sensitive to crustal contamination. Samples plotting under and to the left 
of the black lines have (La/Sm)n ratios below 1.5 and Th/Ce ratios below 0.05, which indicates low to no significant 
crustal contamination (Condie, 2003). La/Sm normalised to Sun and McDonough (1989).   
 
5.3 Conclusion 
Doolena and Warralong samples are classified as tholeiites, Fe-tholeiites and high-Mg 
komatiites.  Harker diagrams of elements considered mobile during secondary alteration (Ca, 
Pb, Rb, Ba and Sr) are scattered suggesting these elements have been affected by post-
magmatic alteration.  Elements considered generally immobile during alteration (TiO2, Th, Sm 
and Nd) show good correlation in Harker diagrams, which supports these elements 
representing magmatic abundances.  Strontium anomalies relative to primitive mantle 
abundances are explained by loss/addition of Sr during interactions with secondary fluids and 
metamorphism.  Chondrite normalised REE plots are generally flat across all samples 
suggesting the REE system has been largely unaffected by alteration.  Both Doolena Gap and 
Warralong samples have notable Eu anomalies which can be explained by either crystallisation 
of primary plagioclase in mafic melts; or resulting from secondary fluids reducing Eu3+ to Eu2+.  
Samples are classified into least altered and highly altered based on LOI and Ce anomalies as 
carried out by Polat et al. (2002).
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CHAPTER 6: ACID LEACHING PROCEDURE 
Acid leaching techniques have been widely used in geochemical investigations to reduce the 
effects of secondary alteration on the magmatic isotope signature of basaltic rocks (Nobre 
Silva et al., 2010; e.g. Borg et al., 2009; Nobre Silva et al., 2009; Thompson et al., 2008; Weis et 
al., 2005; Carignan et al., 1995; Verma, 1992; McDonough and Chauvel, 1991; Mahoney, 1987).  
A study measuring the effects of leaching on Pb isotopes in modern ocean island basalts 
concluded that: 
 “acid leaching removes the effects of contamination and alteration that disturb the magmatic 
Pb isotopic composition of OIB, which is essential for evaluating the isotopic composition of 
the mantle source of these basalts” (Nobre Silva et al., 2009, p.21).   
6.1 Acid leaching Method 
The leaching procedure for this study was based on that used by Weis et al. (2005).  Sample 
chip and Teflon beaker initial weights were recorded.  The samples were leached in double 
distilled 0.5M hydrochloric acid (HCl) in Teflon beakers, put in the sonic bath for approximately 
1 hour and left for between 4-12 hours.  The leachate was decanted into a separate Teflon 
beaker and dried down.  The beaker weight was measured once dry and subtracted from the 
initial weight to determine weight loss.  The 0.5M leach was repeated until a weight loss of at 
least 5% was attained.  A portion of the sample was removed to represent the 0.5M leaching 
stage, and stored in a separate beaker.  The leftover portion was then leached in double 
distilled 6M HCl and decanted as for the 0.5M HCl, which was repeated until the leachate was 
clear/very pale yellow (the number of leaching stages required for each sample is given in 
Table 4).  Approximately 0.05g of the leached portion for both 0.5M and 6M HCl, as well as 
approximately 0.05g of unleached sample were removed for digestion for isotope analysis.  
The remaining leached samples and 10% of each of the corresponding leachate were kept for 
XRF and trace element analysis.  The leaching procedure is shown as a flow chart in Figure 18. 
Table 4 –Number of times a sample was leached with 0.5N and 6N HCl 
  
Figure 18 – Flow chart outlining stepwise leaching procedure used in this study 




6.2.1 Sample Weight Loss during Leaching 
After each leaching stage the samples were dried down and weighed.  AH12, AH29, AH33 and 
AH26 lost less than 10% weight after the 0.5N HCl leach, AH25 lost 26% of the original weight 
(Table 5) (averaging 15% weight loss).  All samples showed higher weight losses during the 6M 
leaching ranging from 20-50% of original weight (averaging 41% weight loss).  
Table 5 – Total sample weight lost during 0.5N and 6N HCl leaching.   









% of Orig* 
AH12 0.10177 4.93 0.25946 50.88 
AH29 0.11908 5.85 0.20426 41.05 
AH33 0.02050 4.3 0.07666 51.76 
AH25 0.05368 26.17 0.01881 20.59 
AH26 0.01788 8.34 0.04518 43.55 
* ’Orig’ = Original sample 
6.2.2 Comparison of leached and unleached XRD plots  
Leached and original powders were analysed by XRD to determine the phases removed during 
leaching.  There was only enough powder available for XRD analysis of leached samples for 
AH12 and AH29.  The phases removed by leaching are shown by which peaks are reduced/not 
present in the 0.5N and 6N leached patterns (Figure 19).  During the 0.5N leach calcite peaks 
were removed and some chlorite peaks were reduced.  The 6N leach was effective in reducing 
almost all chlorite peaks, and most of the talc, to background levels.  The leaching did not 
affect any other alteration phases, or the primary clinopyroxene in AH12.     
Although the 0.5N leach appeared only slightly effective in the XRD plots (reduced calcite 
peaks and to a small degree chlorite), the average weight loss of 15% during this stage 
suggests that substantial material was removed.  This loss is probably due to carbonate being 
neutralised and removed by the acid, and/or clay dissolving into the acid.  Determining loss of 
clays is made difficult as these peaks are obscured in the first part of the mineral search plots, 
and clay analysis could only be carried out on unleached samples.  Ethylene glycol tests during 
clay analysis showed there were no expanding clays such as smectite present.  
  
Figure 19 - XRD plots for sample 12 showing how secondary chlorite and calcite peaks are removed/reduced during 
the leaching process.  XRD analysis: (top) Unleached; (center) 0.5N HCl leach; (bottom) 6N HCl leach.  Cl = Chlorite, 
Act = Actinolite, Plag = Plagioclase (albite), Cpx = Clinopyroxene, Epi = Epidote.  Note the different peak intensity 
scales shown on the Y axis when comparing leaching stages. 
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6.2.3 Loss of Sm, Nd and U, Th & Pb during leaching  
The loss/addition of key trace elements during the leaching procedure was measured to 
determine potential effects on isotope signature.  Direct comparison of Nd and Pb 
measurements between leaching stages leads to the potential for dilution or enrichment to 
effect the relative concentration of these elements.  Therefore trace element abundances of 
Pb and Nd were recalculated by normalising to the original weight of the sample (Table 6).  
AH25 and AH26 lost 18% and 37% Pb during the 0.5N HCl leach respectively, which increased 
to 73% and 93% Pb loss after the 6N HCl leach (Table 6).  AH12 and AH29’s negative % Pb-loss 
values imply they have paradoxically gained weight during the 0.5N leach; this is most likely a 
result of weighing samples that are still slightly damp from leaching.  Correspondingly the 6N 
leach for AH12 and AH29 recorded almost no Pb-loss.  Considering Nobre Silva et al. (2009) 
reported Pb-losses of 70-80% during leaching of less altered Cenozoic oceanic basalts, the Pb-
losses for AH12 and AH29 are surprisingly low.  The apparent minimal Pb-lost during leaching 
for AH12 and AH29 could be due to either Pb in Archean basalts being retained in phases that 
are more resistant to leaching (samples affected by regional metamorphism and diagenesis) 
compared to those in Cenozoic oceanic basalts (generally only undergone diagenesis. 
AH12, AH25, AH26 and AH29 lost between 15 and 70% Nd during the 0.5N leach, which 
increased to between 47 and 91% overall Nd-loss after the 6N leaching stage. These Nd-losses 
during leaching are not unexpected as  Nobre Silva et al. (2010) reports losing up to 90% Nd in 
leaching of cenozoic oceanic basalts. 
 
  
Table 6 – Summary of overall percent weight and element abundance (Pb and Nd) loss after the leaching process.  
 
1. Overall Pb and Nd amounts after each leaching stage have been recalculated based on the amount of recorded weight loss achieved during that particular leach.  This 
recalculation leads to a better comparison of changes between samples; the relative loss of other elements during leaching leads to artificially high counts of Pb and Nd in 
leached samples. 
2. Weight loss figure calculated for 6N leach includes weight loss incurred during the 0.5N leach. 
3. Negative values for AH12 and AH29 after the 0.5N leaching indicate apparent gains in Pb abundances, with corresponding very low Pb loss during the 6N leach.  The Pb 











Pb Lost During Leach 
(Orinal Pb - Leached 
Recalc. Pb)
Nd Lost During 
Leach (Orinal Nd - 
Leached Recalc. Nd) % Pb Loss % Nd Loss
12 1.956 94.7 1033 4992 978 4729 -77 1439 -8 23
29 1.921 94.4 1919 6693 1812 6319 -910 1006 -101 14
25 0.153 74.6 434 4879 324 3639 188 644 37 15










Pb Lost During Leach 
(Orinal Pb - Leached 
Recalc. Pb)
Nd Lost During 
Leach (Orinal Nd - 
Leached Recalc. Nd) % Pb Loss % Nd Loss
12 1.178 57.0 1562 5245 891 2992 11 3176 1 51
29 1.230 60.4 930 6204 562 3749 340 3575 38 49
25 0.028 13.4 264 2738 35 368 476 3915 93 91
26 0.066 30.7 1310 8340 402 2563 1072 11052 73 81




6.3.1 Effects of Leaching on Trace Elements in Doolena Gap and 
Warralong samples  
Despite Sm and Nd being considered more immobile than Pb, it is still possible to mobilise 
them during hydrothermal alteration and metamorphic processes.  Secondary phases that 
contribute to the Sm-Nd content of whole rock basalt samples have been shown to be 
removed during leaching of young basalts (Nobre Silva et al., 2010; Hanano et al., 2009; 
Thompson et al., 2008).  It follows that if leaching was effective in young rocks, ancient rocks 
should also benefit as much, or even more than their younger equivalents.  This is consistent 
with recommendations from Thompson et al. (2008)  who suggested that leaching be applied 
to basalts when measuring Sm-Nd in rocks older than 50Ma. 
Primitive mantle normalised trace element plots for three sample’s 6N leached and unleached 
compositions shows how element abundances are affected by leaching (Figure 20 and Figure ).  
AH25 and AH26 have the most deviated chemistries, with even their HFSE being affected.  
Additionally AH26 shows an inverted REE pattern between leached and unleached chips, 
suggesting that phases lost during leaching in AH26 partitioned a large amount of REE’s.  The 
REE chemistries of AH12 and AH29 are very similar between leached and unleached, with 
more separation occurring in the LREE.  Fractionation of REE during leaching is reported by 
several authors (Nobre Silva et al., 2010; Thompson et al., 2008; Verma, 1992).  
The only consistent trend across all samples is higher levels of Ta, and to a lesser extent Nb, in 
the leached residue compared to the unleached.   Nb and Ta are considered HFSE, which will 
tend to not partition into fluids.  Therefore a phase high in Nb and Ta is being concentrated in 
the residue during leaching.  Nobre Silva et al. (2010) encountered the same relationship in 
leaching of modern oceanic basalts, suggesting that  Nb and Ta was retained in primary Fe-Ti 
oxide minerals like titanomagnetite or ilmenite during leaching.  The presence of Ti-Magnetite 
was confirmed by WDS in AH25 and AH12. 
Europium is affected by leaching, and not in a consistent manner.  In AH12 and AH29 Eu 
behaved similarly to the other REE.  In AH26 everything except Eu, was affected by leaching.  In 
AH25 Eu was preferentially less affected during leaching than the other REE.  Eu is known to be 
affected by fluid interaction due to reduction of Eu3+ to Eu2+ (Bau, 1991), although Eu2+ also 
partitions preferentially for Ca2+ during crystallisation of primary plagioclase in mafic melts 
(Philpotts and Schnetzler, 1968).  It is unlikely that Eu, which along with Ce, are considered the 
 most mobile REE’s, would be more stable than all the other REE’s during leaching.  This 
suggests that Eu is strongly associated within a phase in AH25, and to a lesser extent in AH26.  
It’s possible that this phase is primary plagioclase, however the few plagioclase phases 
measured in AH25 using WDS had all been albitised.   
The lack of a consistent pattern in element loss between the residue and unleached portions is 
at odds with the coherent behaviour of elements reported on modern basalts during leaching 
by Nobre Silva et al (2010).  This is a reflection of the higher variability, in type and degree, of 
alteration seen in Archean basalts. 
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Figure 20 (continued) - Primitive mantle normalised plots comparing samples’ unleached and leached trace element 
compositions 
6.4 Conclusion 
There were significant losses of Pb and Nd abundances during the leaching procedure, which is 
consistent with other studies.  Chlorite, calcite and talc peaks were reduced in leached XRD 
plots relative to unleached plots, which suggest that leaching was successful in removing some 
secondary alteration phases. Comparison of unleached and leached trace element abundances 
show all elements, except Nb and Ta, were inconsistently affected during the leaching process.  
This is suggested to reflect the variability in type and degree of alteration in Archean samples 
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CHAPTER 7: PB ISOTOPES 
The U-Th-Pb isotope system has been widely applied to study the evolution of the mantle over 
Earth’s history (e.g. Kramers and Tolstikhin, 1997).  It is a powerful system that involves three 
independent decay series; 238U to 206 Pb; 235U to 207Pb; 232Th to 208Pb.  All three elements are 
incompatible during mantle melting, with U being the most incompatible.  Continental crust 
contains elevated U/Pb and Th/Pb ratios relative to the mantle, whereas U/Th ratios typically 
do not change during mantle melting (Rollinson, 2007; Kramers and Tolstikhin, 1997). 
 
Stacey and Kramers (1975) determined the Pb isotope evolution of continental crust by 
analysing galena in Pb deposits from around the world.  They defined a two stage model for 
the evolution of 238U/206Pb, 235U-207Pb and 232Th/204Pb that started at 4.57Ga with the 
composition of troilite (an iron sulfide) from the Canyon Diablo Iron Meteorite.  An isotope 
composition change in the continental crust at ~3.7Ga was interpreted to be due to the onset 
of a differentiation event within the Earth.  This model did not however take into account core 
formation and volatile loss of Pb during accretion, and has been incorporated into later models 
removing the requirement for an early Archean fractionation event (e.g. Murphy et al., 2003; 
Kramers and Tolstikhin, 1997).  The Pb deposit dataset has since been expanded to include 
other Pb measurements, including those from Archean rocks.  This data has been combined 
into models that plot the crust and mantle 206Pb/204Pb versus 207Pb/204Pb over the evolution of 
the Earth (e.g. Kramers and Tolstikhin, 1997). 
Trends formed in common Pb diagrams (207Pb/204Pb versus 206Pb/204Pb) that plot a single 
sample’s residues, leachates and unleached Pb isotope compositions, potentially define the 
age at which the Pb isotope system was last closed to secondary processes (Frei and Kamber, 
1995).     
  
 7.1 Results 
AH12, AH25, AH26 and AH29 were analysed for Pb isotopes (See Table 7). 
Table 7- Summary of Pb isotope data for original, leached and leachate sample splits 
 
7.2 Discussion 
7.2.1 Pb Isotope Compositions of Doolena Gap and Warralong 
Samples 
Leached and unleached Pb isotope compositions were measured for samples AH12, AH25, 
AH26 and AH29.  No reasonable Pb isochron or errorchron can be generated to define a 
magmatic crystallisation date for Doolena Gap and Warralong samples.  Despite the leaching 
process having removed a secondary Pb component (probably from Pb hosted within 
carbonate), the inability to produce an isochron suggests open-system behaviour of the U-Pb 
isotope system. The mean square weighed deviation (MSWD) is a measure of whether the 
difference between the analytical error of a sample’s Pb isotope composition is significant 
relative to its statistical fit to the isochron line.   An isochron with a MSWD greater than 2.5 is 
considered to be statistically insignificant, and is termed an ‘errorchron’ (Rollinson, 2007). 
Sample Split 206Pb/204Pb 1 SE 207Pb/204Pb 1 SE 208Pb/204Pb 1 SE
AH12 0.5N Leached 15.4844 0.0009 14.8428 0.0009 35.4783 0.0021
AH12 6N Leached 15.1550 0.0007 14.7591 0.0008 35.2754 0.0014
AH12 6N Leachate 19.5650 0.0008 16.0083 0.0008 36.8297 0.0028
AH12 Original 16.0589 0.0006 14.9985 0.0006 36.2414 0.0016
AH25 0.5N Leached 17.7253 0.0017 15.2496 0.0013 36.7796 0.0030
AH25 0.5N Leachate 16.4823 0.0063 14.9859 0.0055 43.0339 0.0157
AH25 6N Leached 18.9491 0.0034 15.6565 0.0025 38.2298 0.0066
AH25 6N Leachate 16.0257 0.0023 14.7338 0.0019 34.6197 0.0048
AH25 Original 16.7671 0.0012 14.9959 0.0011 36.2767 0.0025
AH26 0.5N Leached 18.0762 0.0009 15.5401 0.0006 38.0395 0.0017
AH26 0.5N Leachate 21.6635 0.0037 16.7050 0.0027 62.5847 0.0111
AH26 6N Leached 16.2683 0.0198 14.9255 0.0185 36.2266 0.0452
AH26 6N Leachate 21.4405 0.0016 16.4390 0.0014 37.4273 0.0030
AH26 Original 19.7286 0.0013 15.9788 0.0011 40.9033 0.0030
AH29 0.5N Leached 17.5975 0.0009 15.1921 0.0010 37.7154 0.0022
AH29 0.5N Leachate 15.0424 0.0006 14.7857 0.0007 36.1420 0.0019
AH29 6N Leached 19.0666 0.0015 15.5112 0.0011 39.3533 0.0029
AH29 6N Leachate 15.7165 0.0005 14.8352 0.0008 35.8576 0.0013
AH29 Original 17.4682 0.0012 15.1852 0.0009 37.8940 0.0026
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AH12 demonstrates the most coherent variation in Pb isotopes of the samples analysed 
between the original composition and the 0.5N HCl and 6N HCl leached residues and 6N HCl 
leachates (the 0.5N HCl leachate was not measured).  The 6N HCL leachate plots as 
significantly more radiogenic, and the 6N reside much less radiogenic, than the original 
composition.  This is interpreted as AH12 having an alteration phase contributing a more 
radiogenic isotope signature, but this alteration only accounting for a small (relative to the 
other samples) fraction of the overall whole rock Pb isotope abundance.   
The errorchron model age for AH12 (Figure 21) was calculated at 3389±61Ma (MSWD of 292), 
which corresponds to the timing of the Strelley Pool Unconformity at 3420-3350 (Van 
Kranendonk et al., 2006a).  This date was suggested by Hickman (pers com, 2012a) to 
potentially date an alteration event that occurred during a 70Myr hiatus between deposition 
of the Warrawoona Group and the overlying, angularly-unconformable Kelly Group.  If 
confirmed this will be the first time this event has been detected geochemically.     
 
Figure 21 – Common Pb isotope plot for AH12 unleached, 0.5N and 6N HCl leached, 0.5N and 6N leachate sample-
splits. Error ellipses are black dots within sample points and are smaller than sample symbols. Plotted using IsoPlot 




















Age = 3389±61 Ma
MSWD = 1167
data-point error ellipses are 2s
Model 2 Solution   (±95%-conf.) on 4 points
Age = 3389±61 Ma
MSWD = 292, Probability = 0.000








Figure 22 - Common Pb isotope plot for AH25 unleached, 0.5N and 6N HCl leached, 0.5N and 6N leachate sample-
splits. Error ellipses are black dots within sample points and are smaller than sample symbols. Plotted using IsoPlot 
version 4.1 (Ludwig, 2009). 
 
Figure 23 - Common Pb isotope plot for AH26  unleached, 0.5N and 6N HCl leached, 0.5N and 6N leachate sample-
splits. Error ellipses are black dots within sample points and are smaller than sample symbols. Plotted using IsoPlot 
version 4.1 (Ludwig, 2009). 
A common Pb plot containing the unleached, leached and leachate compositions of AH12, 
AH25 and AH26 produced an errorchron age of 3482 ±160Ma (Figure 24).  This age is within 
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Talga Formation volcanic package (3490-3477 Ma), and Granitic Complexes occurring within 
the Callina/Tambina Supersuites between 3420 and 3460 Ma (Van Kranendonk et al., 2006a).   
The Pb isotope measurement of fault-fill galena (Thorpe et al., 1992) located within 500m of 
some of the Doolena Gap samples (Figure 24), plots at slightly elevated 206Pb/204Pb relative to 
the trend formed by AH12, AH25 and AH26.  The galena has a reported model age of 3329Ma 
(Thorpe et al., 1992) that likely reflects a mixed source of older and younger Pb.  The fault zone 
cuts the Black Range Dolerite Suite (2772 ± 2 Ma; Van Kranendonk et al., 2006b). 
 
   
 
Figure 24 – Common Pb isotope plot for 0.5N & 6N leached residues and leachate, as well as unleached Doolena gap 
samples AH12, 25 and 26. All three samples have individual trends that have good R-squared values and parallel 
gradients.  When calculated as one trend through all these points, it gives an average age of 3482 ± 160Ma.  The Pb 
isotope composition of fault-fill galena from an abandoned Pb mine in Doolena Gap plots close to the trend defined 
by AH12, AH25, and AH26. Error ellipses are black dots within sample points and are smaller than sample symbols. 
Plotted using IsoPlot version 4.1 (Ludwig, 2009). 
AH29 is the only sample with available Pb isotope measurements from the Warralong 
greenstone belt area.  The trend derived from AH29’s unleached, leached and leachate sample 






















data-point error ellipses are 68.3% conf .
Model 2 Solution   (±95%-conf.) on 14 points
Age = 3482±160 Ma
MSWD = 12904, Probability = 0.000
Growth-curve intercepts at 144 and 3440 Ma
Doolena GB 
Galena 
 this is coincident with the intrusion of the Black Range Dolerite Suite which is dated at 2772 ± 2 
Ma (Van Kranendonk et al., 2006a) the high MSWD makes this errorchron effectively 
meaningless.  The Pb isotope composition of AH29’s original, leached and leachate sample-
splits are most similar to AH26.  The original and 0.5N HCl leached residue Pb isotope 
compositions plot close to each other, while the 0.5N HCl leachate is significantly less 
radiogenic.  This may indicate that the less-radiogenic alteration leached during the 0.5N HCl 
residue was not a significant component of the overall sample Pb isotope signature.  The 6N 
HCl residue plots as more radiogenic than the 6N HCl leachate. 
 
Figure 25 – Common Pb plot for AH29  for unleached, 0.5N and 6N residues and leachate sample-splits. Error 
ellipses are black dots within sample points and are smaller than sample symbols. Plotted using IsoPlot version 4.1 
(Ludwig, 2009). 
An overview of the single sample common Pb isotope model ages are provided in Table 8 




















Age = 2699±320 Ma
MSWD = 9412








Chapter 7: Pb Isotopes 
65 
 
Table 8 – Errorchron ages and coeval alteration/deposition event 










and Kelly Groups 
AH25 3470±380  2126 Deposition of Talga Talga 




AH26 3525±300  11740 Deposition of Talga Talga 




AH29 2699±320  9412 Emplacement of Black 
Range Dolerite Suite 
(2772 ± 2 Ma) 
AH12, 25 & 26 
(Doolena Gap 
combined) 
3482±160  51615 Deposition of Talga Talga 




* Dates are from (and references within) Van Kranendonk et al. (2006a) 
 
7.3 Conclusion 
No realistic Pb-Pb isochron model ages could be generated for any of the sampled greenstone 
belts, and evidence from Pb isotope ratios across the leaching stages points to the Pb isotope 
system being reset.  The model age derived from regressing the Pb isotope data for the 
 unleached, leached and leachate fractions of samples potentially dates the youngest isotope 
resetting event, which has been correlated with regional events in the Pilbara.  The best 
preserved sample AH12 has a modelled Pb-Pb date of 3389±61Ma, which may be the first 
geochronological evidence of an alteration event occurring during formation of the 
unconformity that underlies the Strelley Pool Formation. However the high MSWD values for 
all of the errorchrons indicates that none of the modelled ages can be used to accurately infer 
the timing of a geological event. It is possible that by adding further leaching steps a realistic 








CHAPTER 8: ND ISOTOPES  
Sm-Nd isotopes are considered one of the best radiogenic isotope systems to provide useful 
information about the early Archean mantle, as Sm and Nd are relatively immobile during 
alteration and metamorphism (Bau, 1991; Weaver et al., 1990; Brewer and Aitken, 1989).  Nd 
isotopes compositions were measured for samples AH06, AH09, AH10, AH12, AH23, AH24, 
AH25, AH26, AH18, AH28 and AH29.  In addition leached residue and leachate sample splits 
were measured for Nd isotopes in samples AH12, AH25, AH26 and AH29.   
The 147Sm - 143Nd isotope system (with a half-life of 106 Gyr, billion years) has been used for 
decades in geochemistry to track long term changes in the mantle as well as defining key 
mantle reservoirs.  Both Sm and Nd are moderately incompatible elements during mantle 
melting.  However Nd is slightly more incompatible than Sm, leaving the residue after melting 
with a higher Sm/Nd ratio relative to the melt phase.  The progressive differentiation of the 
crust and mantle over the evolution of the Earth has led to the mantle source of present day 
mid ocean ridge basalts (MORB) to be depleted in incompatible elements, and have 
superchondritic 143Nd/144Nd and a high Sm/Nd ratio.  The continental crust has evolved over 
time to be incompatible element enriched with a low Sm/Nd and sub chondritic 143Nd/144Nd 
(Jacobsen and Wasserburg, 1979).  
The εNd notation is used to measure deviations in initial 143Nd/144Nd ratios from the chondritic 
uniform reservoir (CHUR).  Compilations of εNd from juvenile rocks encompassing the breadth 
of Earth’s evolution plot a curve like that produced by Nagler and Kramers (1998).  The average 
εNd value during the early Archean was ~+1, which is interrupted at around 3.0Ga with values 
that evolve steadily to the present day value of +10 (Nagler and Kramers, 1998).   
Measurements of highly positive initial εNd values in Archean rocks complicates εNd evolution 
curves, as it suggests the differentiation of either continental crust (McCulloch and Bennett, 
1994; Armstrong, 1991) or oceanic crust (Carlson and Shirey, 1988; Chase and Patchett, 1988) 
occurring shortly after Earth’s accretion .  A growing number of studies have identified 
anomalous εNd values: Bennett et al. (1993) reported initial εNd values of +3.5 to +4.5 in 3.81 Ga 
Amitsoq gneiss samples; and Collerson et al. (1991) presented values of +3.0 Ga from 3.8 Gyr 
old peridotites from northern Labrador.  These highly anomalous εNd suggest a differentiation 
event occurred before 3.8Ga, which is generally interpreted to represent widespread 
 extraction of continental crust.  Some authors (Moorbath et al., 1997; Vervoort et al., 1996) 
however questioned the magnitude of the initial εNd values after reanalysing Bennett et al.’s 
(1993) data.  They argued that the Nd isotope system was subject to resetting by 
metamorphism, and therefore conclusions could not be drawn about crust-mantle processes 
at 3.8Ga.  Subsequent investigations of crustal rocks from southern West Greenland, which are 
the best preserved and most accurately dated Eoarchean rocks, confirmed the presence of 
anomalously high initial εNd values (Bennett et al., 2007; Nutman et al., 2007; Bowring and 
Housh, 1995).  Regardless of absolute values, there is significant evidence to show that most 
early Archean rocks were sourced from a depleted mantle (Shirey et al., 2008). 
The validity of any εNd anomalies in Eoarchean rocks requires reducing the effect of post 
magmatic alteration that may have reset the magmatic Sm/Nd isotope composition.  As 
discussed in chapter six, acid leaching prior to analysis potentially removes some secondary 
alteration material.  The acid leaching process also provides the opportunity to separately 
analyse the leachate material, which helps characterise the chemical nature of the alteration 
phases successfully removed.   
Few ancient basalt studies have utilised acid leaching procedures (e.g. Frei et al. 2004), and 
none have tested the effectiveness of using the methodology developed for Cenozoic 
hydrothermally altered basalts, despite the higher degrees of post magmatic alteration in 
Archean basalts.  When calculating the age of leached Cenozoic basalts using Nd isotopes, it is 
standard practise to plot the unleached original parent-daughter ratios against the leached Nd 
isotope daughter abundances (Nobre Silva et al., 2010; Hanano et al., 2009; Nobre Silva et al., 
2009; Weis et al., 2005; Weis and Frey, 2002; Verma, 1992; Weis and Frey, 1991; Mahoney, 
1987); however Thompson et al. (2008) argue against this approach.  As leaching before 
isotopic analysis is not standard protocol for Archean rocks there is no data to suggest whether 
the leached or unleached compositions should be used to calculate the magmatic age.  
Therefore it is important to assess whether both the acid leaching procedure and 
interpretation of isotopic data used for Cenozoic basalts, is suitable for Archean rocks.  




8.1.1 Sm-Nd Isotope Results 
The Nd isotope data for Doolena and Warralong samples are summarised in Table 9 and Table 
10. 
Table 9 - Nd isotope composition summary calculated at 4080 Ma. 
 
Parameters used: Modelled CHUR = 0.512630 ± 11 (Bouvier et al., 2008); λ147 Sm = 6.539 (±0.061) × 
10−12 yr−1 (Begemann et al., 2001).  See discussion for justification of Mt Ada Basalt age.  
Sample Type 147Sm/144Nd 143Nd/144Nd
Error 
(x106) Nd/Nd  T CHUR  T εNd  T
AH09 Unleached 0.2085 0.512819 2.4 0.5072 0.5073 -3.0
AH09 6N Leached 0.2085 0.512994 5.1 0.5074 0.5073 0.5
AH10 Unleached 0.2053 0.512803 3.0 0.5073 0.5073 -0.8
AH10 6N Leached 0.2053 0.512858 2.7 0.5073 0.5073 0.3
AH12 Unleached 0.2137 0.512901 4.4 0.5071 0.5073 -4.1
AH12 6N Leached 0.2137 0.513121 9.5 0.5073 0.5073 0.2
AH14 Unleached 0.1847 0.512759 7.8 0.5078 0.5073 8.6
AH14 6N Leached 0.1847 0.512663 2.4 0.5077 0.5073 6.7
AH18 Unleached 0.1998 0.512590 2.9 0.5072 0.5073 -2.8
AH18 6N Leached 0.1998 0.512470 2.2 0.5071 0.5073 -5.2
AH22 Unleached 0.1478 0.511406 2.5 0.5074 0.5073 1.5
AH22 6N Leached 0.1478 0.510912 2.5 0.5069 0.5073 -8.2
AH23 Unleached 0.2022 0.512610 2.7 0.5071 0.5073 -3.7
AH23 6N Leached 0.2022 0.512855 3.2 0.5074 0.5073 1.1
AH24 Unleached 0.2264 0.512921 2.2 0.5068 0.5073 -10.5
AH24 6N Leached 0.2264 0.512955 2.7 0.5068 0.5073 -9.8
AH25 Unleached 0.2029 0.512807 6.2 0.5073 0.5073 -0.2
AH25 6N Leached 0.2029 0.512840 16.9 0.5074 0.5073 0.4
AH26 Unleached 0.1786 0.511940 4.6 0.5071 0.5073 -4.4
AH26 6N Leached 0.1786 0.512178 4.6 0.5073 0.5073 0.3
AH28 Unleached 0.1639 0.511642 8.3 0.5072 0.5073 -2.4
AH28 6N Leached 0.1639 0.511699 2.5 0.5073 0.5073 -1.3
AH29 Unleached 0.1851 0.512230 6.0 0.5072 0.5073 -2.1
AH29 6N Leached 0.1851 0.512366 4.8 0.5081 0.5081 -0.4
AH30 Unleached 0.1769 0.512020 3.2 0.5072 0.5073 -1.9
AH30 6N Leached 0.1769 0.512294 5.8 0.5082 0.5081 1.9
Calculated at 4080Ma
Doolena Gap Greenstone Belt
Warralong Greenstone Belt
 Table 10 - Nd isotope composition summary calculated at 3475Ma. 
 
Parameters used: Modelled CHUR = 0.512630 ± 11 (Bouvier et al., 2008); λ147Sm = 6.539 (±0.061) × 





(x106) Nd/Nd  T
CHUR  
T εNd  T
AH09 Unleached 0.20853 0.512819 2.4 0.5080 0.5081 -2.0
AH09 6N Leached 0.20853 0.512994 5.1 0.5082 0.5081 1.4
AH10 Unleached 0.20530 0.512803 3.0 0.5073 0.5081 -16.6
AH10 6N Leached 0.20530 0.512858 2.7 0.5081 0.5081 0.2
AH12 Unleached 0.21372 0.512901 4.4 0.5080 0.5081 -2.7
AH12 6N Leached 0.21372 0.513121 9.5 0.5082 0.5081 1.6
AH14 Unleached 0.18465 0.512759 7.8 0.5085 0.5081 7.6
AH14 6N Leached 0.18465 0.512663 2.4 0.5084 0.5081 5.7
AH18 Unleached 0.19980 0.512590 2.9 0.5080 0.5081 -2.6
AH18 6N Leached 0.19980 0.512470 2.2 0.5079 0.5081 -4.9
AH22 Unleached 0.14784 0.511406 2.5 0.5080 0.5081 -2.4
AH22 6N Leached 0.14784 0.510912 2.5 0.5075 0.5081 -12.1
AH23 Unleached 0.20220 0.512610 2.7 0.5080 0.5081 -3.3
AH23 6N Leached 0.20220 0.512855 3.2 0.5082 0.5081 1.5
AH24 Unleached 0.22637 0.512921 2.2 0.5077 0.5081 -8.1
AH24 6N Leached 0.22637 0.512955 2.7 0.5078 0.5081 -7.4
AH25 Unleached 0.20290 0.512807 6.2 0.5081 0.5081 0.3
AH25 6N Leached 0.20290 0.512840 16.9 0.5082 0.5081 0.9
AH26 Unleached 0.17864 0.511940 4.6 0.5078 0.5081 -5.8
AH26 6N Leached 0.17864 0.512178 4.6 0.5081 0.5081 -1.1
AH28 Unleached 0.16394 0.511642 8.3 0.5079 0.5081 -5.0
AH28 6N Leached 0.16394 0.511699 2.5 0.5079 0.5081 -3.9
AH29 Unleached 0.18514 0.51223 6.0 0.5080 0.5081 -3.0
AH29 6N Leached 0.18514 0.51237 4.8 0.5074 0.5073 0.6
AH30 Unleached 0.17693 0.51202 3.2 0.5080 0.5081 -3.5
AH30 6N Leached 0.17693 0.51229 5.8 0.5075 0.5073 3.5
AH31 Unleached 0.16267 0.51177 2.2 0.5080 0.5081 -1.9
AH31 6N Leached 0.16267 0.51223 6.5 0.5085 0.5081 7.1
Calculated at 3475Ma
Doolena Gap Greenstone Belt
Warralong Greenstone Belt




8.1.2 Effect of Leaching on Nd Isotopes 
The high losses of Nd during leaching (between 47 and 91% loss) were similar to losses 
observed by Nobre Silva et al. (2010) in Cenozoic ocean island basalts (Table 6, section 6.3). For 
their Cenozoic basalts Nobre Silva et al. (2010) showed that leached and unleached Nd isotope 
compositions were within analytical uncertainty of each other.  Therefore variation in Nd 
isotope compositions between leached and unleached samples in samples from this study is 
unlikely to be caused by fractionation of Nd isotopes during leaching, but rather reflects 
components within the rock with different Sm-Nd isotope systematics. 
Unleached samples are plotted against 0.5N HCl and 6N HCl leached residues and 0.5N HCl and 
6N HCl leachates for samples AH12, AH25, AH26 and AH29 to understand the distribution of 
radiogenic Nd both within samples, due to alteration, and between samples (Figure 26).  None 
of the samples’ show evidence of being completely reset, in that no sample has overlapping 
isotope ratios between unleached, residue and leachate.  AH12, AH25, AH26 and AH29 have 
0.5N and 6N residues more radiogenic than their unleached portions, indicating that alteration 
was contributing a less radiogenic Nd component (low relative Sm/Nd).  This is also seen in Nd 
isotope compositions that are plotted for all unleached and 6N leached samples, showing that 
nearly all residues become more radiogenic after leaching (Figure 27).  AH25’s unleached, 0.5N 
and 6N residues has the least spread for these splits.  AH25’s 0.5 and 6N leachate however 
plots as less and more radiogenic respectively.  The small spread in 143Nd/144Nd suggests 
that despite alteration phases contributing a low Sm/Nd component, it did not contribute a 
significant amount of radiogenic Nd to the overall whole rock composition. 
The leaching has variably affected the Sm/Nd ratio across the leached samples (Figure 28).  
Samples AH12 and AH29 have leached residues plotting within error of unleached, while AH25 
and AH26 Sm/Nd ratios’ are significantly different to their unleached composition.  There is no 
repeatable pattern to the effects of leaching on the Sm/Nd ratio, suggesting that leaching has 
removed Sm and Nd in an inconsistent way.  It would therefore be inappropriate to use 
leached Sm/Nd ratios for model age calculations as suggested by Thompson et al. (2008), as 
the unleached Sm/Nd ratio will be more representative of the magmatic composition in 
agreement with Nobre Silva (2010).  
 
  




Figure 27 - Unleached versus 6N leached 143Nd/144Nd compositions showing nearly all samples are more 
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Figure 28 - Sm/Nd values across different leaching stages.  0.5% error is smaller than symbol size. 
8.1.3 Sm-Nd Isochron Regression Plots for Doolena Samples 
Nd isotope data was plotted on classic parent-daughter Sm-Nd isochron regression plots to 
determine the age of emplacement for the Doolena samples.  Regression plots were generated 
for both leached and unleached parent daughter ratios, as well as leached and unleached Nd 
isotope compositions.  For each combination a regression plot with all Doolena samples, as 
well as a plot containing only those considered ‘least-altered’ (AH9, AH12, AH25 and AH26) 
were generated.  The plots that were calculated using original 147Sm/144Nd ratios versus 
leached Nd isotope compositions are included in the next section below.  Isochron regression 
plots for unleached 147Sm/144Nd ratios versus unleached Nd isotope compositions are provided 
in Appendix 8.  
While AH24 would be considered ‘least-altered’ according to our classification scheme, it has 
the highest Ce anomaly (only 0.01 from being too high to be considered ‘least altered’) of all 
the samples and plots significantly far away from the Doolena isochron, and is therefore not 
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 calculated to be 0.5%, and the measured internal analysis error was used for Nd isotope 
composition.   
8.1.3.1 Sm-Nd Regressions using unleached 147Sm/144Nd ratio versus leached 143Nd/144Nd  
The isochron generated for Doolena Gap samples produced significant scatter, with leached 
samples having a calculated initial age of 4742 ± 1100 Ma (Figure 29).   
 
Figure 29 – Sm-Nd isochron for all leached Doolena Gap Samples (Leached 147Sm/144Nd versus unleached 
143Nd/144Nd). Ellipses show error for each sample.  Plotted using IsoPlot version 4.1 (Ludwig, 2009). 
By plotting only leached least-altered Doolena Gap samples (AH09, 12, 25 and 26), a realistic 
isochron was produced (Figure 30).  These leached samples plotted on an isochron with a 
calculated initial age of 4080 ± 280 Ma (εNd CHUR = 0.5).  This age is significantly older than the 
accepted age of the Mount Ada Basalt at 3475 Ma (Van Kranendonk et al., 2006b).   
The same samples’ unleached portions plotted on an errorchron (Figure 39) with an initial age 




















Age = 4742±1100 Ma
Initial 143Nd/144Nd =0.5063±0.0014
MSWD = 63
data-point error ellipses are 68.3% conf .






Figure 30 – Isochron for least altered Doolena Gap samples AH09, AH12, AH25 and AH26 (Unleached 147Sm/144Nd 
versus leached 143Nd/144Nd). Ellipses show error for each sample. Plotted using IsoPlot version 4.1 (Ludwig, 2009). 
8.1.4 Sm-Nd Isochron Regression Plots for Warralong Samples 
Warralong samples (also assigned to the Mount Ada Basalt formation) AH29 and AH28 plot 
respectively on and very close to the same trend defined by the Doolena least-altered samples, 
suggesting that the Warralong samples may be of similar age to the Doolena samples.  
However AH28 is classified as a highly altered sample and therefore not appropriate to use as 
a basis for magmatic isotope compositions.  AH29, while classified as a least-altered sample, is 
not included on the isochron, because if the Doolena Gap samples are truly older than the 
Warrawoona Group, then the correlation across the two greenstone belts may no longer be 
appropriate.  The Warralong and Doolena least-altered samples are plotted together in Figure 





















Age = 4082±290 Ma
Initial 143Nd/144Nd =0.50735±0.00038
MSWD = 0.060
data-point error ellipses are 68.3% conf .
  
Figure 31 – Leached Sm-Nd isochron showing Nd isotope compositions for Doolena samples (AH09, AH12, AH25, 
AH26) used in the isochron regression calculation (Figure 30), Warralong samples mentioned in text (AH28 and 
AH29), and other Warralong samples (AH30 and AH31).  Trend is line of best fit defined by the four least altered 
Doolena samples, which was also used to calculate the isochron regression in Figure 39.  AH29 and AH28 plot 
respectively on and very close to the Doolena trend, suggesting the Warralong basalts are of a similar age to the 
Doolena basalts.    
 
8.2 Discussion 
8.2.1 Using the Original or Leached 147Sm/144Nd Ratio for Archean 
Basalts 
As leaching before isotopic analysis is not standard protocol for Archean rocks there is no data 
to suggest whether the leached or unleached compositions should be used to calculate the 
magmatic age.  The isochron regression calculation that used the original unleached 
147Sm/144Nd ratio with the leached 143Nd/144Nd composition produced an isochron with the 
least amount of age and MSWD error (Figure 30).  This is in agreement with the standard 
practise of younger basalt studies (Nobre Silva et al., 2010; Hanano et al., 2009; Nobre Silva et 
al., 2009; Weis et al., 2005; Weis and Frey, 2002; Verma, 1992; Weis and Frey, 1991; Mahoney, 
1987).  Using the leached 147Sm/144Nd ratio with the leached Nd isotope composition, as 
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AH29, Least Altered Warralong Sample
AH28, Highly Altered Warralong Sample
Other Warralong samples
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appendix).  Other combinations of original/leached parent-daughter ratio versus 
original/leached isotope composition also show no correlation.  Therefore it is suggested, 
without other Archean basalt leaching studies to compare to, that using the original 
147Sm/144Nd ratio with the leached 143Nd/144Nd composition produces the most coherent 
isochron regression. 
8.2.2 Validity of the Doolena Sm-Nd Isochron 
Only samples that were determined to be ‘least altered’ were used to create the Sm/Nd 
isochron.  The isochron produced for the leached least altered samples has a model age of 
4080 ± 280 Ma which is significantly older than the accepted age of the Mount Ada Basalt 
at 3470 Ma (Smithies et al., 2007).  This model age would suggest that Doolena Gap basalts 
do not belong to the Mount Ada Basalt Formation, but rather a far older component of 
Archean crust.  It is possible that this linear array may be representative of the age of 
these samples, and not caused by interactions pre or post emplacement.  However it is 
important to explore whether the linear Sm-Nd trend in the isochron may represent 
mixing of two components rather than a magmatic age of a co-genetic suite of samples.  
8.2.2.1 Interpretation of Sm-Nd isochron as a Two-Component Mixing Line 
It is certainly possible that this isochron represents two component mixing, whereby 
endpoints define separate melt components with intermediary compositions plotting 
along a trend.  There are some examples in the literature of linear Sm-Nd isotope trends 
being interpreted as a rocks’ magmatic age, only to be shown later that it actually defined 
a mixing trend.  Initial Sm-Nd isotope studies on volcanic rocks from Kambalda (Western 
Australia) produced an initial age of 3.2Ga (Claoue-Long et al., 1984).  The Sm-Nd isochron 
age was shown to be 500Ma too old by a Pb-Pb isotope isochron age of 2.73 ± 0.03 Ga, as 
well as a 2.7Ga model age for corresponding sulphides (Chauvel et al., 1985).  The older 
Sm-Nd isotope date was re-interpreted as a mixing line between depleted mantle and an 
enriched mantle or crustal component. The evidence for this was based on the Kambalda 
samples εNd values which varied from -2 to +4 (Chauvel et al., 1985).  The rocks measured 
by Claoue-Long et al. (1984) were not subject to a leaching procedure, which may have 
given better results. 
Gruau et al. 1987 obtained an isochron date for the Talga Talga Subgroup in the Marble 
Bar greenstone belt of 3715 ± 170 Ma (150Ma older than other Sm-Nd dates around the 
time of publication), using basalts and komatiites from the North Star and Mount Ada 
Basalt formations (The Talga Talga Subgroup was revised by Van Kranendonk, 2006b).  
 However major and trace element modelling had suggested that the North Star and Mount 
Ada Basalt basalts were derived from separate mantle sources, and depending on the time 
span between differentiation and mixing events, the trend could represent either a mixing 
line or an emplacement age.  They conclude that that the trend in the Sm-Nd isochron plot 
for the Talga Talga Subgroup more likely represents a mixing line and that the Talga Talga 
Subgroup is closer to 3500Ma (Gruau et al., 1987).   
A classic indicator of two component mixing (Faure, 1977, p.101) shows no linear 
correlation between 1/Nd and 143Nd/144Nd for both unleached and leached samples in the 
Doolena Gap isochron (Figure 32).  Samples that formed Gruau et al.’s (1987) isochron, 
that was determined to be a mixing line, are also plotted in Figure 32 to demonstrate the 
trend that two component mixing would produce.  AH10 and AH23 are not part of the 
Doolena isochron as they have high LOI’s (even though their inclusion does not affect the 
isochron’s error) but are included in Figure 32 so as to increase the sample size.  Best-fit 
trendlines through Gruau et al.’s (1987) North Star Basalt and Mount Ada Basalt samples 
have an correlation coefficient (R2) of 0.77, which goes up to 0.94 if only Mount Ada Basalt 
samples are used.  A best fit line through leached Doolena isochron samples (AH09, AH12, 
AH25, AH26) including AH10 and AH23 results in a best fit trendline with a R2 of 0.39, 
which goes up to 0.57 when plotting only the leached Doolena isochron samples.  A trend 
through Gruau et al.’s (1987) samples, and another through the leached Doolena isochron 
samples are plotted on Figure 32.  The highly correlated Gruau et al. (1987) samples are 
contrasted against the poorly correlated leached Doolena samples, which is evidence 
against the Doolena isochron representing a mixing line.  The results from the current 
study indicate that Gruau et al.’s (1987) analysis would have likely benefited from an acid 
leaching experiment. 
One possible mixing source for the Doolena basalts would be continental crust, but there is 
no correlation between 143Nd/144Nd and Nb/Th ratios which is a ratio sensitive to crustal 
contamination (Figure 33) indicating crustal interaction is unlikely.  However εNd values for 
leached compositions plot in between the mantle and continental crust Nd evolution 
curves, which could be interpreted as evidence for minor crustal contamination.  More 
basalts from Doolena Gap greenstone belt are needed to conclusively say there is no 
mixing trend in 1/Nd versus 143Nd/144Nd.




Figure 32 – Classic 143Nd/144Nd vs 1/Nd plot applied here to detect two-component mixing in isotope data, whereby 
samples will produce a clear trend if they are related by mixing of two end components.  Samples that form the 
Doolena Sm-Nd isochron are AH09, AH12, AH25 & AH26. AH10 and AH23 have too high LOI’s to be considered for 
the isochron, but are shown to provide more data points.  Notably when AH10 and AH23 are plotted with the other 
isochron samples, the error on the regression age is not affected in any way.  The line of best fit through Gruau et 
al.’s (1987) samples includes both North Star and Mount Ada Basalts, and the Doolena best fit line is for leached 
AH09, AH12, AH25 and AH26.  Gruau et al’s (1987) isochron was interpreted in their analysis as a mixing line. The 
trendline through Doolena samples (this study) shows poor correlation in this graph, and therefore samples are 
interpreted to not represent mixing.   
 
Figure 33 – 143Nd/144Nd vs Nb/Th plot for Doolena samples that constitute the Sm-Nd isochron  (AH09, AH12, AH25 
















































































8.2.2.2 Comparison of Spread in εNd Data Calculated at 3045 Ma versus 4080 Ma  
The range in calculated εNd also lends support for an older emplacement date of the Doolena 
Gap basalts. For the least altered Doolena Gap samples, they have εNd ranging from +0.21 to 
+0.47 at 4080Ma.  For the accepted age of the Doolena Gap Mount Ada Basalts of 3470Ma, a 
much wider spread of εNd occurs (-1.1 to +1.6).  This narrower spread in εNd supports the 
4080Ma age of the Doolena Gap Mount Ada Basalts, suggesting that it models the Nd isotope 
data better.  The leached εNd values calculated at 4080Ma and 3745Ma both plot close to 
expected εNd for chondritic and non-chondritic εNd evolution curves (Figure 35), which does not 
provide evidence to validate either age. 
    
 
Figure 34 - Epsilon Nd calculated for leached least-altered Doolena Gap samples at both 3475 and 4080Ma. Black 
points denote samples used in the 4080Ma error-chron.  Notice that there is significantly less spread in the εNd 
























Figure 35 - εNd data compilation with least altered Doolena Gap leached εNd values for AH09, -12, -25, -26 at 3.47Ga and 4.08Ga. Other data points: Nuvvuagittuq Greenstone Belt, Canada 
(O'Neil, 2008); Isua Supracrustal Belt, Greenland (Rizo et al., 2011; Bennett et al., 2007; Frei et al., 2004; Blichert-Toft et al., 1999); Western Dharwar Craton, India (Jayananda et al., 2008); 
Barberton Greenstone Belt, South Africa (Chavagnac, 2004); North Atlantic Craton, Canada (Collerson et al., 1991); Chondritic Nd isotope evolution curve from Nagler and Kramers (1998); 













Barberton Greenstone Belt, South Africa
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Mount Ada Basalt, Pilbara Craton (at
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Chondritic Nd isotope evolution (Nagler &
Kramers, 1998)
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(Caro & Bourdon 2010)
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 8.2.3 Are the Doolena Gap Basalts Older than previously thought? 
While it is clear that further analysis is required to confirm the isochron age, here we 
explore the evidence for an older age for the Doolena basalts.  
8.2.3.1 Stratigraphic assignment of Doolena Gap basalts to Mount Ada Basalt 
The rocks in the Doolena Gap greenstone belt have been assigned to stratigraphic units 
based on their position relative to the Strelley Pool Formation.  At Doolena Gap the Strelley 
Pool Formation is concordantly overlain by the Euro Basalt and the Wyman Formation, 
which is consistent with the Kelly Group Stratigraphy in the East Pilbara greenstone 
successions (Van Kranendonk et al., 2006b). 
The Strelley Pool Formation is mapped in 11 of the 20 greenstone belts in the East Pilbara 
Terrane, and was deposited over 75 million years during a period of tectonic quiescence 
with little to no magmatic activity.  Determining an accurate and consistent maximum date 
for the Strelley Pool Formation across the Pilbara Craton is made difficult by the nature of 
the contact between the underlying stratigraphy.  In some greenstone belts, such as the 
Carlindi greenstone belt and North Pole Dome, the contact between the Strelley Pool 
Formation and underlying Warrawoona Group is a highly-eroded angular unconformity.  In 
these areas the Strelley Pool Formation can overly rocks that are far older than the likely 
deposition age of the Strelley Pool Formation.  In other greenstone belts the Panorama 
Formation, the youngest formation within the Warrawoona group, is observed to be 
conformable with the overlying Strelley Pool Formation (Hickman, 2008).  The accepted age 
of the Strelley Pool Formation between 3426-3350 Ma is constrained by U-Pb dating of the 
underlying Panorama Formation between 3434-3427 Ma (Van Kranendonk et al., 2006a); 
and U-Pb dating of the overlying Euro Basalt at 3350 Ma (GSWA 178042, Hickman, 2008; 
Nelson, 2005).   
The stratigraphy below the Strelley Pool Formation is constrained in only 5 of the 11 
greenstone belts in the East Pilbara Terrane (Hickman, 2012b).  Underlying the Strelley Pool 
Formation at Doolena Gap is a dominantly lower basaltic and upper felsic package that has 
been assigned respectively to the Mount Ada and Duffer Formations (Van Kranendonk, 
2010).  The Apex Basalt and Panorama Formation that typically underlie the Strelley Pool 
Formation in the accepted Pilbara Supergroup stratigraphy, are thought to have been 
eroded (Van Kranendonk, 2010).  The stratigraphy beneath the Strelley Pool Formation is 
more difficult to constrain because the base of the Strelley Pool Formation is in some areas 
of the East Pilbara Terrane a deep angular unconformity, and in others a conformity or 
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paraconformity.  Where the contact is unconformable the Strelley Pool Formation can 
overly rocks that are far older than the likely deposition age of the Strelley Pool Formation.  
Furthermore in some parts of the East Pilbara Terrane the Strelley Pool Formation is 
missing from the bottom of the overlying Euro Basalt, suggesting that it was either not 
deposited or was eroded prior to Euro Basalt volcanism (Hickman, 2008).  Without 
geochronological constraints to suggest otherwise, it is possible that the Doolena Gap 
basalts under the Strelley Pool Formation are significantly older than their mapped age of 
3475Ma.  In addition there is evidence from other parts of the East Pilbara Terrane for crust 
older than 3.5Ga (Compiled by Van Kranendonk et al., 2002).   
8.2.3.2 Other evidence for rocks >3.5Ga from the East Pilbara Terrane 
Rocks throughout the East Pilbara Terrane support the presence of ancient sialic crust in 
inherited and detrital zircons, the oldest of which are xenocrystic zircons dated at >3724Ma 
from the Panorama greenstone belt (Thorpe et al., 1992).  Another zircon analysis reported 
a Nd model age of 3.65Ga as well as populations with typical Warrawoona ages in the 
Warrawagine Granitoid Complex (Nelson, 1999). Hamilton et al. (1981) produced a Sm-Nd 
isochron age of 3560±32Ma for the North Star Basalt.  Tessalina et al. (2010) determined a 
Sm-Nd isochron age of 3.49 ± 0.1 Ga and a εNd value of -3.3 ± 1.0 for basalt and layered 
chert-barite rocks of the Dresser Formation that support formation from an enriched older 
protolith.  Modelling of trace element and isotope compositions were interpreted as the 
older component being crustal in nature (possibly basaltic) and extracted from the mantle 
before 4.3Ga (Tessalina et al., 2010).  
An additional line of evidence comes from the interpretation of the formation of the 
granitic domes that make up a major component of the East Pilbara Terrane were formed 
between 3.5 and 3.42Ga (Smithies et al., 2009), implying that andesitic to basaltic rocks 
were present over 3.5Ga to act as a source for these dominantly tonalitic granitoid domes. 
8.2.3.3 Geochemical Comparison of Doolena Gap Samples to Mount Ada Basalts from 
Marble Bar Greenstone Belt  
Trace element data reveals considerable overlap (Figure 36) between the Mount Ada Basalt 
from Marble Bar greenstone belt (Smithies et al., 2007), and the Mount Ada Basalt from 
Doolena Gap.  The one notable difference between the two is that the Pb anomalies are 
enriched in the Marble Bar samples, whereas they are depleted in the Doolena Gap 
samples.  These are likely to reflect differences in local hydrothermal fluid interactions.  
 Major element data for Mount Ada Basalt samples collected by Smithies et al. (2007)  
(Figure 37) show an overall lower alkali content than those from this study.   
The geochemistry of the Mount Ada Basalt in the two greenstone belts appear broadly 
similar.  However this comparison is not particularly informative, as Archean tholeiites 
within the East Pilbara Terrane are unlikely to show significant variation in trace element 
chemistry despite potential age differences.   
 
Figure 36 – Comparison of trace element data for Mount Ada Basalt; from Doolena Gap Greenstone Belt basalts 
(red symbols), and Marble Bar Greenstone Belt (black symbols; from Smithies et al., 2007).  For both datasets 
















Figure 37 – Comparison of Mount Ada Basalt samples using a TAS classification diagram; from this study (Red 
symbols, values recalculated as anhydrous) and the Marble Bar greenstone belt (Green symbols; Smithies et al., 
2007; values recalculated as anhydrous) 
8.2.4 Implications of the Doolena Gap Nd for Early Archean 
Mantle Heterogeneity 
The Doolena Gap and Warralong greenstone belts host excellent examples of relatively low 
degree altered basalts, some of which have alteration assemblages analogous to modern 
day oceanic basalts.  The leached εNd for the least altered Doolena Gap samples are all 
consistently more radiogenic than the leached equivalents.  This is consistent with the 
observations of Thompson et al. (2008) for modern day altered basaltic samples.  This 
observation implies that even at relatively low degrees of alteration the bulk rock Sm-Nd 
systematic of a basaltic sample will have a secondary radiogenic Nd component. 
The Doolena and Warralong samples are significantly less εNd anomalous than Eoarchean to 
Paleoarchean basalts from the Isua supercrustal belt in Greenland (Figure 35), which 
preserve amphibolite to granulite metamorphic facies (e.g. Polat et al., 2008).  Notably 
Barberton greenstone belt basalts (Preserving greenschist facies metamorphism; De Wit et 
al., 1992) have εNd compositions closer to both the Doolena and Warralong samples, and 
the εNd chondritic/non-chondritic mantle evolution curves; relative to the Isua supercrustal 














































 For amphibolite grade mafic rocks it is likely that protoliths underwent at the very least low 
temperature hydrothermal alteration analogous to modern day oceanic crust, prior to 
burial and subsequent metamorphism with associated dehydration to amphibolite grade.  
Studies have suggested that the Sm-Nd systematics of some of the Early Archean Isua 
amphibolites have been significantly affected by metamorphism, and that the highly 
anomalous calculated εNd are not representative of their protolith’s primary isotope 
composition (Rizo et al., 2011; Frei et al., 2002; Gruau et al., 1996).   
8.3 Conclusion  
Nearly all 6N leached residues plotted as more radiogenic than unleached samples 
suggesting secondary alteration contributed a significant unradiogenic Nd component.  The 
0.5N HCl leachate Nd isotope compositions are all highly unradiogenic reflecting that a 
component with very low Sm/Nd was removed by the 0.5N HCl leaching. The low Sm/Nd 
component in the alteration phases must have a low Nd concentration because there is 
only a small difference between the leached and unleached Nd isotope compositions. 
Four samples classified as ‘least altered’ from the Doolena Gap greenstone belt define a 
Sm-Nd isochron with an initial age of 4080 ± 280 Ma, which is ~575 Myrs older than the 
reported age of the Mount Ada Basalt.  The range in εNd for samples in the isochron is 
narrower at 4080Ma than it is at 3475Ma, suggesting the older date models the data better 
than the accepted age of 3475Ma.  The lack of any correlateable trend in a 1/Nd vs 
143Nd/144Nd plot indicates that these samples are unlikely to represent two component 
mixing. 
The assignment of the rock package under the Strelley Pool Formation in the Doolena Gap 
greenstone belt to the Coongan Subgroup is a broad interpretation that may not be 
applicable to the Doolena Gap stratigraphy.  This combined with the lack of available 
geochronology for the Doolena Gap greenstone belt and the substantial evidence from 
other parts of the East Pilbara Craton for rocks older than 3.5Ga suggests that an older age 
is possible. 
The excellent preservation of the Doolena and Warralong samples compared to those 
found in other greenstone belts, suggests that even low degree alteration imparts a 
secondary low Sm/Nd component that will affect calculated εNd.  This has implications for 
the interpretation of the highly radiogenic and heterogeneous εNd obtained in early 
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Archean mafic amphibolites, which could at least in part be caused by modification of 
Sm/Nd during low temperature hydrothermal alteration and subsequent metamorphism.
 CHAPTER 9: OVERALL CONCLUSIONS 
Acid leaching prior to geochemical analysis was applied to Eoarchean basalts from the 
Doolena Gap and Warralong greenstone belts (Nothern Pilbara Craton, Western Australia).  
The basalts have been regionally metamorphosed to lower greenschist facies, and have 
been affected by low degree hydrothermal alteration.  Petrographically the preservation of 
the Doolena Gap and Warralong basalts is similar to low temperature altered Cenozoic 
seafloor basalts.    
The Doolena Gap and Warralong basalts show pervasive alteration which is reflected by 
high LOIs and highly variable compositions of fluid mobile elements such as Cs, Rb, K and 
Na. In contrast the high field strength elements Ti, Th, Zr, Nd and REE (including Sm and Nd) 
demonstrate magmatic trends, indicating these elements have not been mobilised during 
secondary alteration.   
The acid leaching procedure was successful in removing some of the secondary alteration 
phases.  There were significant losses of Pb and Nd abundances during the leaching 
procedure, which is consistent with Cenozoic basalt leaching studies.  The lack of any 
consistent trace element loss after leaching within either study area highlights the 
heterogeneous nature of alteration in Archean basalts.     
Four samples classified as ‘least altered’ from the Doolena Gap greenstone belt define a 
Sm-Nd isochron with an initial age of 4080 ± 280 Ma, which is ~575Myrs older than the 
reported age of the Mount Ada Basalt.  The range in εNd for samples in the isochron is 
narrower when calculated using an age of 4080Ma than at 3475Ma, suggesting the older 
date models the data better than the accepted Mount Ada Basalt age (3475Ma).  The least 
altered samples that define the isochron do not define a mixing line in a 1/Nd vs 
143Nd/144Nd plot. 
The secondary alteration was interpreted to contribute a significant non radiogenic Nd 
component.  The low Sm/Nd component in the alteration phases must have a low Nd 
concentration because it is still possible to generate a realistic isochron using the bulk rock 
147Sm/144Nd ratio and the leached Nd isotope composition.  In addition there is only a small 
difference between the leached and unleached Nd isotope compositions.  The Nd that 
remains after leaching is interpreted to correspond to the primary magmatic Nd isotope 
composition. 
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The presence of an additional Sm/Nd component in the Doolena and Warralong sample’s 
alteration phases has important implications for the interpretation of the isotope 
composition of the early Earth.  The highly radiogenic εNd obtained from early Archean 
mafic amphibolites like those in the Isua Supracrustal Belt, are potentially caused by 
modification of Sm/Nd during low temperature alteration of the mafic protolith and 
subsequent metamorphic events.  This study highlights that radiogenic isotope studies of 
Archean rocks can benefit from an acid leaching procedure to not only remove alteration 
phases, but to characterise how the isotopic signature of the secondary alteration 
contributes to the overall isotopic composition of the rock. 
The assignment of the rock package under the Strelley Pool Formation in the Doolena Gap 
greenstone belt to the Coongan Subgroup is a broad interpretation that may not be 
applicable to the Doolena Gap stratigraphy.  This combined with the lack of available 
geochronology for the Doolena Gap greenstone belt, and the substantial evidence from 
other parts of the East Pilbara Terrane for rocks older than 3.5Ga, suggests that an older 
age for the aforementioned Doolena Gap rock package is possible. 
No realistic Pb isochron model ages could be generated for any of the sampled greenstone 
belts, and evidence from Pb isotope ratios across the leaching stages points to the Pb 
isotope system being reset.  The model age derived from regressing the Pb isotope data for 
the unleached, residue and leachate fractions of the same sample potentially dates the 
youngest Pb isotope resetting event.  The best preserved sample (AH12) defines a Pb-Pb 
errorchron date of 3389±61Ma which may be the first geochronological evidence of an 
alteration event occurring just before the deposition of the Strelley Pool Formation.     
Further work is required to test whether our Sm-Nd model age can be confirmed by other 
methods including Lu-Hf and 142Nd isotope analysis, and U/Pb zircon dating (providing 
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Appendix 1 – Major Element Data 
SAMPLE AH06 AH09 AH10 AH12 AH14 AH18 AH22 AH23 AH24 AH25 AH26 AH28 AH29 AH30 AH31 
SiO2 45.5 56.0 49.5 50.4 42.8 48.7 35.2 39.6 51.7 50.3 50.7 55.1 49.2 42.3 38.4
TiO2 0.8 1.0 1.2 0.9 0.7 1.0 1.2 0.8 1.1 0.8 0.8 1.1 0.8 1.2 1.0
Al2O3 13.5 15.4 12.3 14.8 12.5 14.7 4.9 14.6 15.5 15.4 15.1 11.0 12.7 11.3 10.6
Fe2O3 10.8 5.7 14.5 11.6 12.1 14.2 16.5 8.7 10.0 7.3 9.4 5.9 12.6 19.0 15.6
MnO 0.2 0.1 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.1 0.2 0.3 0.2
MgO 8.9 3.1 8.0 8.2 9.9 8.5 10.5 4.5 4.6 3.3 3.5 3.5 7.8 11.0 10.9
CaO 8.4 6.2 5.3 6.0 9.0 3.5 11.6 13.8 5.2 8.5 7.4 9.9 7.6 6.7 10.3
Na2O 0.1 0.2 0.7 3.8 0.7 0.1 0.2 3.0 4.5 6.5 6.2 4.0 4.0 0.6 0.1
K2O 1.4 4.4 0.7 0.7 0.4 1.1 0.0 1.3 1.0 0.6 0.7 0.4 0.7 0.3 0.0
P2O5 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Cr2O3 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.0 0.1 0.2 0.0 0.1 0.2 0.1
LOI 10.3 7.5 7.4 3.1 11.4 7.7 19.1 13.2 5.8 7.0 5.7 8.4 4.0 6.9 12.5
Total 100.0 99.8 100.0 100.0 100.0 99.8 99.7 100.0 99.6 100.1 100.1 99.7 100.1 100.0 99.9
 Appendix 2 – Trace Element Data from analysis (University of Queensland) 
Sample
Split 0.5N LD 6N LD Unleached 0.5N LD  6N LD 0.5N LD  6N LD 0.5N LD 6N LD STD_W2/1 STD_W2/1d 1 Avg 1 St. Dev. W2_2 W2_2d Avg 1 St. Dev.
Li 14.32 1.43 12.38 6.29 0.83 13.02 0.58 13.50 6.36 9.59 9.79 9.69 0.14 9.74 9.80 9.77 0.05
Be 0.54 0.81 0.53 0.24 0.45 0.80 0.67 0.62 0.57 0.75 0.83 0.79 0.06 0.88 1.03 0.95 0.10
Sc 38.49 44.13 33.85 42.92 27.59 33.16 37.04 36.23 38.42 36.07 36.06 36.07 0.01 36.36 36.27 36.31 0.06
Ti 5558.71 4257.80 5039.74 6231.47 1763.47 8286.95 3975.28 5846.41 5408.06 6354.61 6319.26 6336.94 25.00 6661.62 6533.54 6597.58 90.57
V 265.89 228.32 198.62 229.04 63.76 268.71 189.95 227.61 182.21 261.60 262.81 262.20 0.86 265.06 262.51 263.78 1.80
Cr 294.40 206.30 370.35 292.58 211.94 229.36 83.27 448.77 417.87 92.79 93.32 93.06 0.38 94.68 94.16 94.42 0.37
Co 32.10 15.93 34.84 23.59 6.06 41.95 12.47 41.46 28.28 44.53 44.56 44.55 0.02 45.20 45.00 45.10 0.14
Ni 134.54 61.84 152.24 112.54 123.87 122.17 44.07 140.20 111.19 69.99 70.13 70.06 0.10 71.22 71.30 71.26 0.05
Cu 76.98 65.62 30.83 64.40 61.61 36.40 84.25 60.80 62.31 69.99 55.80 62.90 10.03 85.99 65.04 75.51 14.81
Zn 62.25 27.38 56.60 43.99 20.34 117.46 38.98 68.15 44.89 77.00 75.97 76.49 0.73 78.05 77.48 77.77 0.40
Ga 15.02 10.36 11.62 9.21 5.08 15.80 11.38 10.84 6.85 17.42 17.28 17.35 0.10 17.41 17.43 17.42 0.01
Rb 14.90 18.02 6.52 11.19 9.68 4.61 5.52 12.03 14.20 19.80 19.76 19.78 0.03 19.92 19.85 19.89 0.05
Sr 132.67 158.29 46.31 40.22 48.52 243.97 309.57 42.80 46.18 194.83 193.54 194.18 0.91 195.76 194.02 194.89 1.23
Y 16.96 17.71 9.81 14.41 6.06 19.05 19.47 14.20 13.32 20.11 20.03 20.07 0.06 20.20 20.21 20.20 0.01
Zr 50.02 56.49 46.55 57.45 38.77 90.41 106.52 51.21 54.47 87.87 87.03 87.45 0.59 88.64 87.46 88.05 0.83
Nb 2.16 2.49 2.01 2.38 1.25 5.42 4.69 2.91 2.98 7.28 7.21 7.24 0.04 7.29 7.19 7.24 0.07
Mo 0.75 0.85 1.18 0.70 1.99 1.29 0.71 0.69 0.63 0.43 0.45 0.44 0.02 0.42 0.45 0.43 0.02
Cd 0.02 0.04 0.02 0.03 0.04 0.07 0.07 0.03 0.03 0.06 0.05 0.06 0.00 0.05 0.05 0.05 0.00
Sb 0.11 0.13 0.04 0.03 0.05 0.10 0.12 0.10 0.05 0.71 0.73 0.72 0.02 0.67 0.71 0.69 0.03
Cs 0.10 0.10 0.11 0.13 0.12 0.08 0.05 0.16 0.12 0.89 0.91 0.90 0.02 0.89 0.91 0.90 0.01
Ba 113.02 138.22 19.11 36.69 44.74 27.35 35.57 56.70 72.38 169.68 169.36 169.52 0.22 169.52 168.75 169.13 0.55
La 2.02 2.17 1.86 1.73 1.55 4.04 4.50 2.91 2.86 10.52 10.43 10.47 0.07 10.55 10.42 10.49 0.09
Ce 5.82 6.20 5.35 5.56 3.86 10.36 11.37 8.33 7.94 23.22 23.05 23.13 0.12 23.24 22.98 23.11 0.18
Pr 0.96 1.01 0.85 0.94 0.56 1.60 1.74 1.35 1.26 3.03 3.03 3.03 0.00 3.04 3.01 3.02 0.03
Nd 4.99 5.24 4.28 4.88 2.74 7.75 8.34 6.69 6.20 12.91 12.85 12.88 0.04 12.95 12.88 12.92 0.05
Sm 1.73 1.79 1.38 1.71 0.85 2.35 2.47 2.00 1.87 3.27 3.27 3.27 0.00 3.28 3.28 3.28 0.01
Eu 0.69 0.72 0.50 0.65 0.44 1.02 1.16 0.54 0.55 1.09 1.10 1.10 0.00 1.09 1.09 1.09 0.00
Gd 2.49 2.57 1.72 2.32 1.18 2.90 3.09 2.47 2.28 3.71 3.69 3.70 0.01 3.73 3.72 3.72 0.01
Tb 0.45 0.47 0.31 0.43 0.19 0.52 0.55 0.42 0.39 0.62 0.63 0.62 0.01 0.62 0.63 0.63 0.01
Dy 2.99 3.09 1.98 2.84 1.15 3.43 3.53 2.65 2.47 3.81 3.80 3.80 0.01 3.83 3.84 3.84 0.01
Ho 0.68 0.71 0.42 0.61 0.24 0.76 0.80 0.58 0.54 0.80 0.82 0.81 0.01 0.81 0.82 0.81 0.01
Er 1.99 2.09 1.18 1.73 0.68 2.21 2.35 1.63 1.55 2.22 2.24 2.23 0.01 2.25 2.25 2.25 0.00
Tm 0.31 0.33 0.18 0.27 0.10 0.35 0.38 0.25 0.25 0.33 0.34 0.33 0.01 0.33 0.34 0.34 0.01
Yb 1.94 2.09 1.14 1.65 0.68 2.33 2.54 1.55 1.52 2.06 2.09 2.07 0.02 2.08 2.10 2.09 0.01
Lu 0.30 0.34 0.17 0.25 0.12 0.37 0.43 0.24 0.24 0.30 0.32 0.31 0.01 0.30 0.32 0.31 0.01
Hf 1.46 1.56 1.25 1.66 0.96 2.40 2.75 1.42 1.46 2.36 2.35 2.35 0.01 2.38 2.39 2.38 0.01
Ta 0.18 0.23 0.18 0.23 1.35 0.67 0.51 0.24 0.24 0.45 0.50 0.48 0.04 0.44 0.51 0.48 0.05
Pb 1.03 1.56 0.51 0.43 0.26 1.26 1.31 1.92 0.93 7.53 7.54 7.54 0.01 7.50 7.50 7.50 0.00
Th 0.20 0.22 0.20 0.20 0.12 0.56 0.64 0.40 0.38 2.10 2.10 2.10 0.01 2.10 2.08 2.09 0.01
U 0.06 0.06 0.05 0.05 0.03 0.16 0.15 0.10 0.10 0.51 0.52 0.51 0.01 0.51 0.51 0.51 0.00
                                   Elements are measured in ppb
1 Standard reference: Gladney, E.S., and Roelandts, I., 1988, 1987 Compilation of Elemental Concentration Data for USGS BIR-1, DNC-1, and W-2: Geostandards New sletter, 12:63-118.
Standard1 Standard1AH12 AH25 AH26 AH29 
 99 
 
Appendix 2 (cont.) – Trace Element Data from (University of Queensland) 
 
Sample Standard1
Split 0.5N L 6N L 0.5N L 6N L 0.5N L 6N L 0.5N L 6N L BIR-1 STD_W2_3 W2_3a Avg. 1 St. Dev.
Li 45652.14 45227.66 47803.94 46257.38 47378.07 46693.07 46015.68 48208.14 8167.23 9590.00 7742.64 8666.32 1306.28
Be 95.41 48.75 41.85 186.78 228.31 148.07 232.89 185.30 103.51 750.00 857.82 803.91 76.24
Sc 3030.38 2463.99 4110.74 33693.62 962.67 2034.76 1470.86 1867.69 44520.61 36073.62 36105.63 36089.63 22.64
Ti 220758.56 695700.11 345282.01 4373957.06 518765.46 2462266.04 342850.26 1236145.65 5741956.05 6354610.95 6346541.22 6350576.08 5706.16
V 70616.48 46987.58 59620.14 289520.09 73228.50 57956.10 70610.27 112552.46 321524.66 261596.75 261452.03 261524.39 102.33
Cr 178239.57 145363.34 186704.17 342141.65 117078.65 54387.42 123865.74 189443.68 411331.90 92790.00 92785.86 92787.93 2.93
Co 30672.09 28317.12 16718.75 49773.95 41393.86 16702.63 29573.06 40537.67 53852.49 44530.00 44635.22 44582.61 74.40
Ni 107488.86 101419.67 57477.84 172611.21 72861.67 29119.59 57522.99 88239.53 171784.02 69990.00 70641.12 70315.56 460.41
Cu 84720.18 63809.24 8382.61 5275.15 34399.80 14851.21 249000.63 79726.31 122442.22 103000.00 103530.32 103265.16 374.99
Zn 56523.87 55975.56 26709.46 105517.66 132831.87 49818.51 41751.91 75177.42 73074.52 77000.00 77798.95 77399.47 564.94
Ga 7708.23 7379.48 3826.86 12717.22 9186.62 3982.16 6167.45 10956.88 15650.67 17423.62 17503.94 17463.78 56.79
Rb 213.20 67.26 226.57 205.54 210.59 60.03 408.78 246.12 251.42 19803.47 19944.22 19873.85 99.53
Sr 3972.33 2813.40 12894.94 7659.44 5259.74 7009.67 19283.35 5065.77 111459.97 194828.35 195879.93 195354.14 743.58
Y 7161.60 2874.21 3266.06 20543.95 23893.08 2899.60 4785.03 3620.15 14813.19 20113.39 20196.21 20154.80 58.56
Zr 320.89 2881.55 380.77 8479.53 992.68 4476.72 404.36 1797.40 18028.52 87866.33 88382.32 88124.32 364.86
Nb -21.75 -27.37 -14.92 49.57 39.23 -9.10 -10.27 -14.56 610.34 7275.27 7198.09 7236.68 54.57
Mo 42.41 -3.45 61.38 72.73 77.49 9.08 48.71 20.66 45.10 430.00 433.44 431.72 2.43
Cd 658.01 916.59 15.84 163.79 137.32 18.04 60.95 15.97 123.60 57.00 53.21 55.10 2.68
Sb -1.64 -3.63 1.45 1.86 -1.33 -3.31 -3.96 -0.27 472.64 709.14 718.50 713.82 6.62
Cs 262.82 24.95 38.95 15.04 157.18 8.51 164.88 114.95 3.47 888.17 890.40 889.28 1.57
Ba 1508.28 529.71 1032.35 2933.91 2001.02 837.44 6424.37 1723.00 6859.42 169680.00 170393.37 170036.68 504.43
La 1922.93 336.40 976.99 2000.31 9642.92 777.76 2267.23 852.45 616.93 10520.98 10535.64 10528.31 10.37
Ce 5390.43 1026.81 2587.25 6400.63 27018.69 1879.15 5807.70 2364.89 1951.08 23216.42 23267.01 23241.72 35.77
Pr 830.64 175.42 385.91 1089.40 4153.40 270.34 861.61 367.10 386.46 3025.43 3039.54 3032.49 9.98
Nd 4105.27 924.33 1952.47 5785.54 20012.91 1258.35 4025.82 1824.57 2423.38 12911.02 13002.68 12956.85 64.81
Sm 1166.98 336.66 558.01 2168.08 5081.52 372.97 1006.97 525.98 1117.22 3266.17 3284.76 3275.47 13.15
Eu 153.21 140.07 157.47 1025.52 636.68 123.29 182.07 123.74 535.97 1093.69 1091.73 1092.71 1.39
Gd 1403.14 456.81 736.38 3116.59 5684.37 432.53 1070.72 644.18 1902.04 3708.17 3738.40 3723.28 21.37
Tb 222.44 84.94 110.98 596.58 821.87 82.05 160.19 113.07 366.44 615.13 614.35 614.74 0.55
Dy 1353.25 563.88 669.33 4059.49 4709.14 566.79 934.23 734.95 2558.24 3807.95 3840.65 3824.30 23.12
Ho 286.09 124.71 142.76 901.93 947.43 131.42 194.94 155.91 588.29 803.29 807.35 805.32 2.87
Er 788.42 355.05 388.08 2546.44 2401.18 401.48 523.39 419.65 1699.52 2222.02 2232.35 2227.19 7.31
Tm 108.93 53.59 54.61 378.58 299.33 65.85 71.40 57.59 264.90 327.16 328.55 327.86 0.98
Yb 618.25 320.67 335.73 2339.00 1529.71 418.67 429.53 325.80 1675.12 2058.19 2058.33 2058.26 0.10
Lu 84.93 39.09 53.57 305.58 189.28 69.89 65.20 39.89 250.61 301.30 301.27 301.28 0.02
Hf n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Ta n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Pb 647.32 81.10 79.87 581.41 306.99 206.05 675.32 356.65 3067.19 7527.52 7481.10 7504.31 32.82
Th 115.95 22.05 73.52 107.83 489.03 54.53 160.48 79.42 38.00 2104.17 2110.29 2107.23 4.33
U 2.83 4.36 -4.66 46.25 24.11 32.35 12.78 12.29 10.17 505.00 505.11 505.05 0.08
                                          Elements are measured in ppb
1 Standard reference: Gladney, E.S., and Roelandts, I., 1988, 1987 Compilation of Elemental Concentration Data for USGS BIR-1, DNC-1, and W-2: Geostandards Newsletter, 12:63-118.
                              Negative value indicates below detection
AH12 AH25 AH26 AH29 Standard1
 Appendix 2 (cont.) – Trace Element Data (Laurentian University, Ontario Canada) 
Sample AH10 AH12 AH14 AH23 AH26 AH29 AH30 AH31 AH33 AH45 AH6 Standard3 Standard2
Split Unleached Unleached Unleached Unleached Unleached Unleached Unleached Unleached Unleached Unleached Unleached BCR-1 BHVO-2 STD_W2a W2 Avg. 1 St. Dev.
Li 33794.81 19594.59 38479.62 16854.02 15902.15 16752.97 28230.07 30287.69 25891.59 15288.79 44052.51 9640.70 4806.50 9590.00 10909.08 10249.54 932.73
Be 393.36 904.90 361.01 346.65 658.14 684.33 1244.30 730.76 92.48 393.78 354.69 3329.84 1228.09 750.00 814.49 782.24 45.60
Sc 40016.28 40568.09 31659.09 35995.08 34173.02 35138.01 30932.81 28607.25 29745.47 35295.79 44143.63 33296.69 32551.17 36073.62 40099.71 38086.67 2846.88
Ti 6492670.44 5544877.83 4362450.11 4320549.85 9613515.08 5426718.07 5934640.34 5487245.25 1958722.78 6830602.47 6001393.09 13342454.91 16583593.62 6354610.95 7126310.50 6740460.72 545673.98
V 305285.12 290473.72 194376.48 256206.54 291023.58 234107.69 239368.02 206110.30 156961.51 240129.01 301980.78 434666.67 314931.09 261596.75 288968.99 275282.87 19355.10
Cr 139676.01 337692.65 290389.01 491325.82 138985.77 529106.71 943680.88 587581.59 3394906.55 370724.67 324148.71 14966.71 301325.74 92790.00 102215.88 97502.94 6665.11
Co 48016.44 43723.00 114665.93 55056.89 56916.47 49078.03 75868.86 65836.18 92963.55 49350.33 46987.08 37020.87 45420.17 44530.00 49329.63 46929.82 3393.85
Ni 63054.21 137660.60 112022.59 142523.06 82558.99 128911.54 290773.98 173422.68 793573.49 92115.79 138538.11 11411.55 119001.74 69990.00 78346.56 74168.28 5908.98
Cu 38900.91 161348.90 126569.82 140660.85 133852.17 116908.35 115497.69 136739.11 593035.32 8993.31 118677.52 21077.94 126740.81 103000.00 111703.06 107351.53 6153.99
Zn 104823.68 82399.57 82843.85 110613.12 135486.75 80751.83 130672.55 115312.69 73259.38 124862.13 84099.83 132758.20 106380.79 77000.00 90528.63 83764.32 9566.19
Ga 16818.26 17403.03 12190.53 13859.51 16744.62 12279.90 13124.34 12412.25 8219.44 17714.92 16694.10 21589.19 21199.65 17423.62 19381.64 18402.63 1384.53
Rb 20471.35 15156.94 17098.74 30127.09 6220.01 11887.43 5646.85 3532.43 31197.38 20405.37 57209.03 46460.91 9168.26 19803.47 21922.46 20862.97 1498.35
Sr 15396.97 138478.62 24116.76 25745.86 217387.92 47379.07 44967.73 68988.88 32718.91 129439.60 9114.24 333911.03 395838.92 194828.35 216473.86 205651.10 15305.69
Y 23926.51 19772.02 15412.11 14876.31 26104.00 14798.36 17244.75 16081.24 8512.85 21530.31 21310.16 33139.28 24338.60 20113.39 22188.50 21150.95 1467.33
Zr 76293.29 52704.47 57251.14 39392.83 108899.65 49412.28 70609.35 61151.00 20160.42 70571.23 58966.96 195372.71 181811.25 87866.33 100525.59 94195.96 8951.45
Nb 3041.43 2146.31 2516.66 1872.17 6094.79 2685.40 4971.30 4368.03 837.64 3763.14 2413.41 12119.03 18089.86 7275.27 8103.42 7689.35 585.59
Mo 211.44 334.17 67.60 716.06 306.58 459.93 775.92 350.58 205.11 832.90 163.80 254344.88 4155.34 430.00 441.02 435.51 7.79
Cd 45.39 51.51 46.00 68.29 87.89 48.46 68.32 68.66 71.28 64.61 43.88 294.59 83.11 57.00 62.03 59.52 3.56
Sb 62.79 87.64 32.80 247.49 96.07 59.78 76.23 40.61 49.39 866.01 50.04 298.81 85.13 709.14 751.55 730.34 29.99
Cs 394.67 163.77 340.85 403.77 117.14 183.40 105.62 85.75 13360.21 343.14 473.73 1128.85 94.79 888.17 983.97 936.07 67.74
Ba 68914.58 114798.79 36198.44 99762.57 37733.54 59237.26 72914.53 15571.60 15874.68 41782.65 116119.36 708147.37 131370.48 169680.00 191372.76 180526.38 15339.10
La 3866.81 2559.46 3837.01 2840.81 6830.84 3307.61 6290.45 6239.68 1160.70 5437.57 2753.60 24479.22 15197.27 10520.98 11713.01 11116.99 842.89
Ce 10359.39 7345.47 10440.34 6443.05 18388.86 9331.82 16993.49 16172.19 3345.87 14222.56 8059.25 55472.55 37554.53 23216.42 25846.28 24531.35 1859.59
Pr 1604.13 1194.12 1635.95 1002.21 2839.77 1475.98 2578.53 2413.66 517.00 2142.72 1295.74 6783.55 5357.05 3025.43 3364.29 3194.86 239.61
Nd 7961.45 6167.98 8047.06 5016.00 13614.49 7324.63 12039.55 11105.05 2643.21 10126.54 6762.05 28065.37 24346.21 12911.02 14366.38 13638.70 1029.10
Sm 2595.14 2092.97 2359.23 1610.37 3861.57 2153.12 3203.30 2879.38 897.01 2890.45 2330.93 6422.48 6034.70 3266.17 3606.13 3436.15 240.39
Eu 964.91 767.41 860.55 636.66 1116.22 582.20 942.43 864.46 325.90 995.35 1440.69 1899.61 2032.22 1093.69 1211.93 1152.81 83.61
Gd 3629.48 2909.50 2816.18 2196.43 4550.12 2621.24 3494.64 3155.29 1238.73 3529.41 3268.09 6589.92 6219.48 3708.17 4115.80 3911.99 288.24
Tb 652.21 521.52 468.57 388.16 773.30 438.99 563.24 514.50 220.43 606.01 583.45 1041.87 933.32 615.13 676.03 645.58 43.06
Dy 4293.18 3457.65 2910.95 2532.63 4892.52 2757.56 3378.43 3124.22 1484.79 3866.54 3823.07 6245.79 5222.54 3807.95 4180.19 3994.07 263.21
Ho 965.27 787.53 636.99 577.99 1072.97 602.22 708.76 663.13 340.96 855.65 865.33 1309.66 1001.24 803.29 891.24 847.27 62.19
Er 2757.63 2278.38 1799.76 1691.55 3076.97 1697.99 1928.37 1824.59 1008.34 2458.43 2484.01 3586.49 2477.80 2222.02 2444.76 2333.39 157.50
Tm 411.02 346.88 268.48 254.76 465.55 253.39 274.74 267.73 154.75 370.02 368.07 524.93 329.03 327.16 355.09 341.12 19.75
Yb 2572.34 2254.28 1728.36 1684.57 3004.81 1604.05 1753.21 1703.80 1027.00 2401.25 2406.88 3339.75 1975.84 2058.19 2271.51 2164.85 150.84
Lu 366.25 336.97 253.09 254.05 455.21 241.10 257.43 250.47 157.48 362.59 352.02 496.23 274.06 301.30 334.69 317.99 23.61
Hf 2048.31 1499.13 1576.00 1101.54 2783.63 1358.10 1889.08 1676.80 589.05 1805.42 1722.72 4808.27 4323.26 2360.00 2644.97 2502.49 201.50
Ta 194.71 133.23 161.60 109.87 377.37 162.84 338.25 287.95 61.48 244.14 150.59 747.02 1138.44 450.00 505.33 477.67 39.12
Pb 757.40 901.73 900.27 1269.37 1474.40 901.81 1586.03 2090.49 1006.70 1248.03 314.84 10147.46 1705.09 7527.52 8151.87 7839.70 441.48
Th 421.40 227.38 403.86 194.04 752.23 408.64 831.54 624.44 124.12 538.72 256.74 5617.76 1156.88 2104.17 2308.81 2206.49 144.70
U 104.89 62.02 95.01 52.49 184.85 116.60 309.58 230.32 27.37 130.84 68.46 1656.87 412.09 505.00 559.74 532.37 38.71
                                   Elements are measured in ppb
1 Standard reference: Gladney, E.S., and Roelandts, I., 1988, 1987 Compilation of Elemental Concentration Data for USGS BIR-1, DNC-1, and W-2: Geostandards New sletter, 12:63-118.
2 Wilson, S.A., 1997, Data compilation for USGS reference material BHVO-2, Haw aiian Basalt: U.S. Geological Survey Open-File Report




Appendix 2 (cont.) – Trace Element Data (University of Melbourne) 
Sample AH8 AH18 AH22 AH24 AH28 Standard3 Standard Standard2
Split Unleached Unleached Unleached Unleached Unleached W2d W2-F W2a-9 Avg. 1 St. Dev. JB2-A JB-3-6 BHVO2-M
Li 12178.75 51018.04 2174.68 31088.26 18914.52 9164.86 9209.38 9073.89 9149.38 69.06 8062.79 7532.96 4405.52
Be 359.94 220.16 381.93 226.12 559.80 621.87 615.40 616.32 617.86 3.50 247.41 636.43 1024.37
Sc 39098.63 37203.06 18579.35 41533.26 24922.95 36222.39 35979.78 36069.96 36090.71 122.63 55384.73 34670.32 31757.18
Ti 5754914.52 6183083.07 6877417.14 6278661.28 6821538.13 6423441.48 6313757.82 6349115.76 6362105.02 55983.63 6935510.22 8533716.41 16303798.09
V 249054.05 280644.79 142935.58 284364.33 205905.67 263912.06 261531.39 259474.16 261639.20 2220.91 577675.52 385909.67 310283.12
Cr 303731.21 303146.18 1020636.72 195131.70 321134.45 93525.09 92717.19 92195.13 92812.47 670.08 25288.77 59737.93 296715.31
Co 22718.97 72822.74 92250.84 70524.10 39438.20 44965.38 44262.98 44494.14 44574.17 357.97 36901.18 35591.62 45089.59
Ni 95142.24 172750.04 959363.88 165556.11 107177.93 70767.16 69485.06 70002.39 70084.87 645.02 13137.93 36341.81 118551.42
Cu 2754.03 76230.15 192245.28 162246.55 136863.17 102776.15 104298.47 101288.69 102787.77 1504.93 214847.13 182420.30 125159.03
Zn 23013.16 136447.27 145307.08 155461.89 50144.82 77834.32 76793.55 76505.03 77044.30 699.22 108451.39 102959.99 102302.31
Ga 14134.12 16674.88 8355.92 15355.21 11183.19 17399.64 17394.65 17489.63 17427.97 53.46 16211.95 19995.48 20937.04
Rb 119784.14 27555.67 67.91 26484.00 15553.18 19717.41 19790.69 19905.06 19804.39 94.57 6254.10 14283.34 9135.43
Sr 13416.99 11127.76 55080.98 19205.26 56776.78 193794.57 195941.72 194169.43 194635.24 1146.86 177724.81 408696.70 391319.70
Y 8464.66 13582.77 13874.94 18695.62 20457.23 20115.94 20128.67 20088.26 20110.96 20.66 22141.24 24245.49 24152.68
Zr 42138.27 53808.19 65495.70 53861.39 63511.77 86175.73 89230.98 87465.42 87624.04 1533.79 46558.51 93665.45 170707.61
Nb 2291.86 2270.26 6781.94 2258.05 4602.33 7371.82 7255.95 7211.22 7279.66 82.89 488.48 2029.30 18049.44
Mo 21.76 141.90 235.96 38.11 192.17 425.60 427.82 414.55 422.66 7.10 938.84 1076.06 2992.03
Cd 20.57 36.01 156.82 76.64 122.23 73.99 74.14 84.14 77.42 5.82 136.25 76.30 91.46
Sb 45.19 569.66 1199.35 70.55 26.87 742.66 696.85 694.70 711.40 27.09 193.32 88.17 83.90
Cs 1033.75 426.38 20.24 385.42 162.19 892.23 884.23 890.13 888.86 4.15 796.85 937.71 94.94
Ba 415467.39 107647.99 12555.45 36436.30 16509.51 169147.40 170854.03 168449.80 169483.74 1236.90 219791.14 237802.84 130808.51
La 3890.81 3143.04 7175.08 2266.71 9335.75 10510.46 10572.75 10454.29 10512.50 59.26 2232.22 8360.61 15119.08
Ce 6856.05 8380.81 19975.42 7082.53 22339.87 23258.98 23254.35 23119.28 23210.87 79.35 6554.10 21287.77 37622.67
Pr 714.04 1304.88 3102.45 1219.32 3181.49 3037.24 3023.39 3017.11 3025.91 10.30 1149.52 3268.77 5369.09
Nd 3311.38 6456.16 14546.84 6520.47 14424.79 12944.35 12887.13 12914.46 12915.31 28.62 6283.31 15613.39 24333.69
Sm 1043.03 1853.27 3418.64 2239.60 3528.96 3275.50 3255.42 3273.16 3268.03 10.98 2245.56 4221.57 6050.77
Eu 277.28 502.66 1123.45 729.89 565.43 1087.57 1094.55 1098.28 1093.47 5.44 817.34 1306.64 2035.86
Gd 1404.37 2048.52 3301.90 3085.47 3842.60 3732.66 3701.07 3695.17 3709.63 20.16 3196.74 4643.32 6258.92
Tb 239.55 367.45 496.14 545.73 627.30 615.76 616.33 612.73 614.94 1.93 577.93 735.35 928.86
Dy 1603.48 2461.63 2848.55 3583.49 3848.32 3803.55 3819.26 3795.40 3806.07 12.13 3885.17 4511.41 5222.57
Ho 402.13 549.28 573.82 797.41 824.96 806.96 801.48 802.44 803.63 2.92 876.85 959.68 996.67
Er 1313.63 1678.96 1530.35 2259.07 2253.99 2230.31 2217.51 2220.73 2222.85 6.66 2547.12 2689.87 2516.64
Tm 214.78 247.57 218.25 340.29 322.75 327.77 327.37 326.26 327.14 0.78 387.02 393.45 338.05
Yb 1508.21 1626.57 1348.69 2146.27 1994.77 2067.57 2053.35 2056.36 2059.09 7.49 2529.40 2485.37 1974.37
Lu 252.11 244.84 192.87 314.45 291.86 302.19 301.09 300.77 301.35 0.74 382.76 368.12 272.92
Hf 1275.77 1555.05 1706.91 1604.94 1669.07 2342.41 2368.52 2351.43 2354.12 13.26 1457.62 2669.41 4363.79
Ta 136.37 140.46 403.46 139.80 276.40 459.67 451.68 452.56 454.64 4.38 33.98 126.67 1144.44
Pb 383.49 442.31 2113.99 922.17 1392.62 7787.84 7374.74 7504.18 7555.59 211.29 4818.01 4786.95 1315.25
Th 228.76 256.76 490.80 231.94 472.49 2125.56 2105.34 2081.89 2104.27 21.86 247.24 1249.12 1164.60
U 90.40 67.59 122.88 54.48 108.32 510.07 520.86 500.13 510.36 10.37 155.20 483.22 421.66
1 Standard reference: Gladney, E.S., and Roelandts, I., 1988, 1987 Compilation of Elemental Concentration Data for USGS BIR-1, DNC-1, and W-2: Geostandards New sletter, 12:63-118.
2 Wilson, S.A., 1997, Data compilation for USGS reference material BHVO-2, Haw aiian Basalt: U.S. Geological Survey Open-File Report
                                                           3 Bow er, N.W., Gladney, E.S., Hagan, R.C., Trujillo, P.E., and Warren, R.G. 2007. Elemental Concentrations in Japanese Silicate Rock Standards JA-1, JR-1 and JB-2. Geostandards New sletter, 9(2): 199-203
                          Elements are measured in ppb
Standard1
 Appendix 3 – Microprobe Point Measurement Chemistry 
 
Sample 
Reference    SiO2     TiO2     Al2O3    FeO      MnO      MgO      CaO      Na2O     K2O      Cl      Total  Mineral Name   Analysis No. 
AH10_001 1.2 0.0 0.0 0.8 0.1 0.0 54.4 0.0 0.0 0.4 56.8 Apatite 51
AH10_002 28.5 0.0 0.2 0.7 0.1 0.3 38.7 0.0 0.0 0.9 69.4 Apatite 52
AH10_003 0.2 25.1 0.0 67.8 0.0 0.0 0.5 0.0 0.0 0.0 93.6 Ti-Magnetite 53
AH10_004 15.3 20.7 1.9 45.1 0.0 0.2 11.9 0.0 0.5 0.0 95.6 Ti-Magnetite 54
AH10_005 3.0 15.7 0.1 74.3 0.0 0.0 2.9 0.0 0.0 0.0 96.0 Ti-Magnetite 55
AH10_006 1.4 23.7 0.1 69.6 0.0 0.0 1.0 0.0 0.0 0.0 95.8 Ti-Magnetite 56
AH10_007 28.4 38.5 1.1 2.5 0.0 0.0 27.5 0.0 0.0 0.0 98.1 Titanite 57
AH10_008 79.8 0.0 13.1 2.8 0.0 1.5 0.0 0.0 3.0 0.0 100.1 K-Feldspar 58
AH10_009 27.8 0.0 20.5 24.5 0.4 16.6 0.1 0.1 0.0 0.0 90.0 Chlorite 59
AH10_010 0.6 8.0 0.0 81.7 0.0 0.0 0.6 0.1 0.0 0.0 91.0 Ti-Magnetite 60
AH10_011 25.5 40.8 0.8 7.7 0.0 0.0 23.7 0.1 0.0 0.0 98.7 Titanite 61
AH10_012 24.7 28.1 1.1 24.1 0.0 0.1 20.9 0.1 0.1 0.0 99.2 Titanite 62
AH10_013 17.8 21.3 0.7 44.9 0.0 0.0 15.5 0.0 0.0 0.0 100.3 Titanite 63
AH10_014 30.9 34.7 1.8 4.9 0.0 0.0 25.6 0.0 0.0 0.0 97.9 Titanite 64
AH10_015 6.2 7.9 0.4 73.9 0.0 0.3 5.2 0.0 0.0 0.0 93.9 Ti-Magnetite 65
AH10_016 45.8 11.3 0.5 35.7 0.0 0.1 9.5 0.0 0.1 0.0 102.9 Titanite 66
AH10_016 17.2 8.6 0.5 0.7 0.0 0.1 42.2 0.0 0.0 0.2 69.4 Titanite 67
AH10_017 27.8 32.5 1.7 12.7 0.0 0.2 24.9 0.0 0.0 0.0 99.7 Titanite 68
AH10_018 20.9 20.8 1.0 43.0 0.0 0.1 15.3 0.0 0.0 0.0 101.0 Titanite 69
AH10_019 29.7 33.2 2.2 6.7 0.0 0.4 26.2 0.0 0.1 0.0 98.5 Titanite 70
AH10_020 1.9 19.9 0.1 69.6 0.0 0.1 0.4 0.0 0.0 0.0 92.0 Ti-Magnetite 104
AH10_021 0.3 18.0 0.0 73.6 0.0 0.0 0.4 0.0 0.0 0.0 92.4 Ti-Magnetite 105
AH10_023 0.4 19.4 0.0 72.0 0.0 0.0 0.4 0.0 0.0 0.0 92.2 Ti-Magnetite 107
AH12_001 55.3 0.0 1.2 12.3 0.3 16.3 13.0 0.1 0.1 0.0 98.5 Actinolite 5
AH12_001B 56.0 0.0 1.1 11.8 0.3 16.0 12.8 0.1 0.1 0.0 98.2 Actinolite 82
AH12_002 54.9 0.0 1.1 11.8 0.3 16.3 13.0 0.1 0.1 0.0 97.6 Actinolite 4
AH12_002B 55.7 0.0 1.1 12.1 0.3 16.3 13.0 0.1 0.1 0.0 98.7 Actinolite 83
AH12_003 38.5 0.2 23.8 11.8 0.2 0.3 23.5 0.0 0.0 0.0 98.3 EPIDOTE 6
AH12_004 51.6 0.3 1.7 11.8 0.6 13.3 20.6 0.3 0.0 0.0 100.0 CPX 7
AH12_005 50.5 0.6 3.7 11.3 0.3 14.6 18.7 0.2 0.0 0.0 99.9 CPX 8
AH12_005B 53.2 0.1 0.5 10.2 0.7 11.6 24.4 0.3 0.0 0.0 101.0 CPX 84
AH12_006 53.4 0.0 0.2 10.7 1.0 11.2 24.3 0.2 0.0 0.0 101.0 CPX 9
AH12_006B 53.0 0.0 0.4 10.9 0.9 11.0 24.2 0.3 0.0 0.0 100.7 CPX 86
AH12_007 52.5 0.0 0.8 10.2 0.7 11.8 23.8 0.3 0.0 0.0 100.3 CPX 10
AH12_008 53.2 0.1 0.9 10.5 0.7 11.9 24.0 0.3 0.0 0.0 101.6 CPX 11
AH12_008B 53.3 0.1 0.8 10.2 0.7 11.8 24.3 0.3 0.0 0.0 101.6 CPX 88
AH12_009 53.2 0.1 0.4 10.2 0.7 11.4 24.4 0.3 0.0 0.0 100.7 CPX 12
AH12_010 52.2 0.3 1.4 9.5 0.5 12.7 23.3 0.2 0.0 0.0 100.1 CPX 13
AH12_010B 51.7 0.5 1.9 9.7 0.4 13.1 21.8 0.3 0.0 0.0 99.4 CPX 89
AH12_011 55.9 0.0 0.6 12.3 0.4 16.6 12.8 0.2 0.1 0.0 98.8 Actinolite 14
AH12_011B 55.6 0.0 0.8 12.4 0.4 16.4 12.7 0.2 0.0 0.0 98.6 Actinolite 90
AH12_012 52.6 0.3 1.7 9.9 0.5 12.7 23.4 0.3 0.0 0.0 101.3 CPX 15
AH12_012B 52.8 0.1 0.7 10.6 0.7 11.7 24.0 0.3 0.0 0.0 100.8 CPX 91
AH12_013 50.2 1.3 4.2 10.4 0.3 12.5 21.3 0.3 0.0 0.0 100.6 CPX 16
AH12_014 38.2 0.0 23.5 13.2 0.2 0.0 23.5 0.0 0.0 0.0 98.6 EPIDOTE 17
AH12_015 52.8 0.1 0.9 10.6 0.7 12.2 22.5 0.3 0.0 0.0 100.1 CPX 18
AH12_016 38.2 0.0 23.2 13.2 0.1 0.0 23.6 0.0 0.0 0.0 98.4 EPIDOTE 19
AH12_017 49.7 0.9 5.0 10.3 0.2 13.7 20.3 0.3 0.0 0.0 100.5 CPX 20
AH12_018 54.0 0.0 0.4 9.9 0.6 12.1 24.2 0.4 0.0 0.0 101.6 CPX 21
AH12_019 53.4 0.1 0.8 10.5 0.7 11.7 23.8 0.3 0.0 0.0 101.2 CPX 22
AH12_020 50.3 0.7 4.6 11.3 0.3 14.0 19.1 0.3 0.0 0.0 100.6 CPX 23
AH12_021 55.0 0.0 0.5 10.0 0.6 11.7 23.5 0.4 0.0 0.0 101.7 CPX 24
AH12_022 53.5 0.1 0.7 9.6 0.6 12.5 24.2 0.2 0.0 0.0 101.4 CPX 25
AH12_023 49.7 0.5 3.9 11.5 0.4 13.7 19.6 0.2 0.0 0.0 99.6 CPX 26
AH12_026 50.0 1.1 4.6 11.4 0.4 13.4 19.6 0.2 0.0 0.0 100.8 CPX 29
AH12_027 50.9 0.7 3.7 10.1 0.3 13.5 20.4 0.3 0.0 0.0 99.8 CPX 30
AH12_028 54.0 0.1 0.5 9.0 0.5 12.7 24.2 0.3 0.0 0.0 101.2 CPX 31
AH12_029 50.8 0.1 2.8 12.1 0.7 12.9 20.1 0.2 0.0 0.0 99.7 CPX 32
AH12_030 51.0 0.8 3.9 10.8 0.3 14.1 19.6 0.3 0.2 0.0 100.9 CPX 33
AH12_031 53.3 0.0 0.2 10.8 0.9 11.5 24.0 0.2 0.0 0.0 100.9 CPX 34
AH12_032 54.0 0.0 0.6 9.7 0.6 12.4 24.2 0.3 0.0 0.0 101.9 CPX 35
AH12_033 53.8 0.0 0.5 11.1 0.7 11.3 24.0 0.3 0.0 0.0 101.6 CPX 36
AH12_034 38.2 0.1 23.5 12.4 0.2 0.2 23.9 0.0 0.0 0.0 98.5 EPIDOTE 37
AH12_035 52.5 0.1 1.4 10.6 0.8 12.2 22.9 0.3 0.0 0.0 100.8 CPX 38
AH12_036 53.7 0.0 0.5 9.7 0.6 12.2 24.5 0.3 0.1 0.0 101.6 CPX 39
AH12_037 53.8 0.1 0.5 9.9 0.7 11.8 23.6 0.4 0.0 0.0 100.9 CPX 40
AH12_038 52.3 0.4 2.5 11.1 0.4 14.0 20.3 0.2 0.0 0.0 101.2 CPX 41
AH12_039 38.7 0.0 23.7 13.3 0.1 0.0 23.8 0.0 0.0 0.0 99.6 EPIDOTE 42
AH12_040 53.8 0.0 0.5 11.2 0.8 11.1 24.0 0.3 0.0 0.0 101.7 CPX 43
AH12_041 53.4 0.0 0.4 11.7 0.9 11.0 24.2 0.3 0.0 0.0 101.8 CPX 44
AH12_042 52.3 0.1 1.8 10.8 0.8 11.7 22.2 0.7 0.0 0.0 100.3 CPX 45
AH12_043 53.7 0.0 0.4 10.9 0.8 11.3 23.8 0.3 0.0 0.0 101.3 CPX 46
AH12_044 52.1 0.4 3.1 10.3 0.5 14.1 20.4 0.2 0.0 0.0 101.0 CPX 47
AH12_045 54.2 0.0 0.3 9.8 0.7 12.5 23.8 0.2 0.0 0.0 101.6 CPX 48
AH12_046 50.4 0.9 4.3 11.3 0.3 13.9 19.8 0.2 0.0 0.0 101.2 CPX 49
AH12_047 66.2 0.1 20.1 0.3 0.0 0.0 0.0 0.5 16.3 0.0 103.5 Quartz 79
AH12_048 76.4 0.1 18.1 1.1 0.0 0.8 0.1 5.8 2.1 0.0 104.5 Quartz 80
AH12_049 52.9 0.7 4.2 11.1 0.3 13.1 19.5 0.3 0.0 0.0 102.1 CPX 81
AH12_050 56.0 0.0 0.7 12.4 0.3 16.5 13.1 0.1 0.0 0.0 99.3 Actinolite 85
AH12_051 55.5 0.0 0.8 12.2 0.3 16.2 13.0 0.1 0.0 0.0 98.2 Actinolite 87
AH12_24 38.5 0.0 22.8 13.5 0.2 0.5 22.8 0.0 0.0 0.0 98.4 EPIDOTE 27
AH12_25 53.7 0.0 0.3 10.1 0.7 11.7 24.4 0.3 0.0 0.0 101.2 CPX 28
AH12-cpx1 55.8 0.0 0.5 11.4 0.3 17.1 13.1 0.0 0.0 0.0 98.2 Actinolite 1
AH12-cpx2 56.0 0.0 0.5 11.1 0.3 17.2 13.0 0.0 0.0 0.0 98.0 Actinolite 2
AH25_001 67.5 0.0 21.3 2.9 0.1 1.7 0.2 7.1 2.5 0.0 103.3 Possible Chlorite 50
AH25_004 33.7 31.5 3.6 2.8 0.0 0.3 26.6 0.4 0.2 0.0 99.1 Titanite 73
AH25_005 35.9 30.3 4.2 2.4 0.0 0.1 26.3 1.0 0.2 0.0 100.4 Titanite 74
AH25_006 31.3 31.9 2.5 3.7 0.1 1.4 26.2 0.0 0.0 0.0 97.2 Titanite 75
AH25_007 31.0 1.5 15.9 24.1 0.5 13.2 2.6 0.8 0.0 0.0 89.5 Titanite 76
AH25_008 64.0 6.9 18.1 1.3 0.0 0.4 5.9 7.1 0.7 0.0 104.4 Quartz 77
AH25_009 31.7 28.0 4.6 5.1 0.1 2.5 24.7 0.1 0.0 0.0 96.9 Titanite 78
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Appendix 4 – Thin Section Descriptions 
AH05 – Contains a weak intersertal texture of relict calcite replaced plagioclase (500µm) in 
a dark groundmass made up of calcite, chlorite and magnetite and rhombohedral calcite 
phenocrysts.  Contains large (up to 1.5mm wide) veins filled with calcite and minor quartz.   
AH06 – Weakly preserved intersertal texture, poorly preserved relict plagioclase lathes 
completely replaced by calcite (~3mm average) and an anhedral isotropic phenocryst phase 
(up to 1mm).  Alteration minerals in fine groundmass include chlorite and clay. 
AH09- Fine, intersertal texture, relict plagioclase lathes (up to 1mm) replaced by 
clay/calcite/chlorite with some poorly preserved relict olivine/pyroxene (100-200µm).  
These are set in a groundmass made up of replaced relict plagioclase (200-400µm), 
chlorite, and very fine (<20 µm) isotropic phenocrysts that may represent titanate.  One 
(~100 µm wide) clay filled vein. 
AH10 – Contains trace relict plagioclase (250-400 µm) that is replaced by calcite and/or 
altering to clay; and subhedral quartz that is overprinted by chlorite and calcite.  Secondary 
euhedral well-cleaved calcite phenocrysts are present.  Skeletal isotropic phenocryst 
fraction (0.1-0.4mm) was determined by Wave Dispersive Spectroscopy (WDS) to be 
magnetite altering to titanite.  Needles of apatite were also identified using WDS.  Very fine 
(<20 µm) altered groundmass of quartz, clays, chlorite and calcite.  Lacks primary textures.   
AH12 – Well preserved intersertal texture with 0.5-1mm plagioclase lathes that are 
generally chloritised.  A minor proportion of plagioclase is albite, and although they are 
undergoing minor clay alteration, they still regularly preserve polysynthetic twinning.  Trace 
fine primary pyroxene fragments, confirmed by WDS, are preserved where they are not 
altering to chlorite.  The groundmass is composed of dominantly chlorite, with lesser high 
relief epidote phases and clay.     
AH14 –Contains replaced relict olivine phases replaced by calcite.  Subhedral isotropic 
phenocryst phases (titanate?) occur throughout.  Fine (average 500µm) groundmass 
altered to mostly calcite and chlorite, and some clay. Veins/fractures throughout (100-
200µm).  No primary textures present. 
AH18 – Fine groundmass completely altered to dominantly calcite and chlorite.  
Vein/fractures (50-200 µm) that are lined by brown clay and often filled with calcite.  No 
primary textures present. 
AH22 – Broadly equigranular alteration minerals (100-300 µm) dominantly euhedral calcite 
and glomeroporphyritic quartz with lesser chlorite.  Microfractures occur throughout and 
are filled with brown clay.  No original basaltic texture present.  
AH23 – Intersertal texture preserved, with relict plagioclase lathes completely altered to 
calcite.  Porphyritic relict grains (400-500µm) after olivine replaced by chlorite and calcite.  
Subhedral isotropic phenocrysts phases (40 µm) within relict olivine are possibly spinel.  
Fine (100-200µm) groundmass composed of titanate and chlorite. 
 AH24 – Contains a moderately well preserved primary intersertal texture with relict clay 
altering albitised plagioclase lathes, and relict calcite-replaced plagioclase lathes (~500µm).  
Groundmass is very fine (<20 µm) and dominantly altered to clay and calcite, with 
subhedral isotropic phenocryst phase (titanate?).  Trace primary magnetite may be 
present.  Two small clay filled fractures and two calcite veins (150µm). 
AH25 – Hosts a well preserved intersertal texture, with lathes of relict albite (500µm) 
presenting polysynthetic twinning, and a trace proportion of the albite is replaced by 
calcite.  No primary plagioclase was detected with WDS.  The fill between plagioclase lathes 
is chlorite and calcite.  Fine grained (<20µm) isotropic phenocrysts of magnetite altering to 
titanite occur throughout (confirmed by WDS).  A 1mm wide vein, from WDS contains 
amphibole, chlorite and calcite. 
AH26 –Alteration assemblage consists of chlorite and actinolite, lesser clay and titanite, 
and trace epidote.  Primary magnetite may be present where not altered to titatnite.  No 
basaltic texture. 
AH28 – Fine groundmass, contains variable proportion of chlorite and calcite.  Acicular 
needles of isotropic phenocryst (60 µm) are abundant in large zones (edges of which are 
bigger than slide).  Trace subhedral isotropic phenocryst (<0.01mm) occurs throughout.  No 
primary texture. 
AH29 – Porphyritic trace 0.8 to 1mm relicts of subhedral pyroxene phenocrysts being 
altered to chlorite; as well as ~300µm relict olivine phases altering to chlorite.  Fine 
groundmass (200 µm) altered to chlorite, actinolite/tremolite and lesser calcite.  Significant 
calcite veining and fine (<0.01mm) disseminated isotropic altered magnetite occurs 
throughout.  
AH30 – Fine (~100-200 µm) variably oriented groundmass of fibrous actinolite, chlorite, 
calcite, magnetite/titanite and trace epidote; frequent porphyritic zones of quartz and 
calcite.   
Circular zones (termed ocelli), ~0.5-1cm can be seen macroscopically.  The ocelli contain 
chlorite, calcite and titanate alteration phenocrysts, as well as chlorite and calcite-replaced 
subhedral relict minerals; which may be psuedomorphed pyroxene and olivine phases.  
Filling in between these relict minerals are albite-like phases altering to brown clay.  The 
ocelli also contain acicular isotropic needles (not seen in host) that may represent 
secondary infilling of the boundaries of larger phenocrysts by an isotropic phase; or 
remnants of devitrification processes.  Subhedral magnetite/titanate; and notably lack the 
epidote seen in the host rock.   
AH31 – Porphyritic (200 µm) chlorite phenocrysts are possibly pseudomorphs of 
plagioclase/pyroxene, and are rimmed by clay (and often chlorite is overprinted by clay).   
Groundmass is totally altered to chlorite and calcite.   
The circular ocelli can be visualised macroscopically (0.5-1mm).  The ocelli contain chlorite, 
calcite and titanate alteration phenocrysts, as well as chlorite and calcite-replaced 
subhedral relict minerals; which may be psuedomorphed pyroxene and olivine phases.  
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Filling in between these relict minerals are albite-like phases altering to brown clay.   Both 
the ocelli and host rock contain acicular isotropic needles that may represent infilling of the 
boundaries of larger phenocrysts by an isotropic phase; or are remnants of devitrification 
processes. 
 Appendix 5 - Methodology 
SAMPLE COLLECTION AND ROCK CRUSHING 
Basalt samples were collected from the Doolena Gap and Warralong greenstone belts 
which are mapped as Mount Ada Basalt.  Sampling sites were chosen where outcrops were 
in-situ and preferably had observable pillow textures.  A sledge hammer was used to break 
pillows, and samples were selected from the innermost portion of the pillow (some 
carbonate pillow rinds were also collected).  A portion of each sample was broken down to 
smaller fragments on site to reduce contamination later on in the process.  Larger blocks 
were cut at Queensland University of Technology (QUT) and University of Queensland into 
billets, and sent to be mounted into thin sections at the Petrographic International 
Company.  Sample locations are tabulated in Appendix 7. 
Rock crushing was achieved by picking fresh ‘pea-sized’ fragments that had been crushed in 
the field, and inserting them into an agate swing mill.  Where small fragments weren’t 
available, sample was broken in sterile plastic bags with a rock hammer.  For each new 
sample the mill was washed with mild detergent, wiped and dried with ethanol, an 
iteration of clean quartz sand was crushed, and then a small amount of sample was 
crushed and discarded to pre-contaminate the mill.   
To produce 2-3mm chips used in the leaching procedure, small fragments crushed on site 
were again broken in numerous stages of sterile plastic bags.  Chips were then rinsed in tap 
water at least 3 times and left to sit in an ultrasonic bath, before being washed twice in 
Mili-Q water and then dried in an oven. 
ISOTOPE AND TRACE ELEMENT SAMPLE PREPARATION 
Samples were prepared for trace element and isotope analysis in the Radiogenic Isotope 
Facility at the University of Queensland.  All lab equipment used for Pb and Nd isotope 
work had been intensively cleaned sequentially in deacon detergent, aqua-regia and milli-q 
water.  Sample containers for Pb isotope work were further cleaned by leaving them on a 
hotplate 24-48 hours in once distilled nitric acid.  Samples 12, 33, 44, 25, 26, 29 were 
selected for step leaching experiments for Pb and Nd isotope analysis.  Samples 09, 10, 18, 
22, 23, 24 and 28 were selected for Nd isotope analysis.   
GEOCHEMICAL ANALYSIS TECHNIQUE PARAMETERS 
Scanning Electron Microprobe (SEM) Analysis – Thin section imaging and quantitative 
analysis: Wave dispersive spectroscopy (WDS) and back-scatter imaging was carried out at 
James Cook University on a Jeol JXA8200 EPMA spectrometer.  An operating voltage of 
15kV and probe current of 20nA was used, measuring for 20 sec on peak and 10 second  
each background (40sec total). 
X-RAY DIFFRACTION (XRD) ANALYSIS– MINERAL PHASE IDENTIFICATION 
XRD samples were powdered and measured at Queensland University of Technology (QUT).  
Mineral phase analyses were carried out on original, 0.5N residue and 6N residue samples.  
Clay analysis was only carried out on original samples as there was not enough leftover 
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leached powder.  For the XRD clay analysis, samples were dispersed in H2O, and allowed to 
settle for 5mins.  The top ~5mm of solution was removed (should equate to <5µm size 
fraction) and dripped onto a silicon low background plate to dry.  This process was 
repeated to produce a silicon plate treated with Ethylene Glycol to detect presence of 
smectite.  The clay analysis was collected on a XPERT-PRO XRD machine at a range of 4-
42˚2θ utilising CoKα radiation for 6 minutes each.   
Powdered samples for XRD mineral phase identification were loaded onto a quartz low 
background plate with a 20mm diameter, 1mm deep depression.  The analysis was 
collected on a XPERT-PRO XRD machine at a range of 3.5-75˚ 2θ utilising CuKα radiation for 
1 hour per sample.   
X-RAY FLOURESCENCE (XRF) - MAJOR ELEMENT ANALYSIS 
Major elements were measured by X-Rray Fluorescence (XRF) at ALS laboratories in 
Brisbane.   
INDUCTIVELY COUPLED PLASMA MASS SPECTROSCOPY -TRACE ELEMENT 
ANALYSIS 
Trace elements analysis for original and leached samples were analysed on a multi-
collector inductively coupled plasma-mass spectrometer (ICP-MS) at the University of 
Queensland. 
The ICP-MS procedure for trace element analysis follows the protocol by Eggins et al. 
(1997) and modified by the Radiogenic Isotope Laboratory (Kamber et al., 2003). Samples 
were analysed on a Thermal X series equipped with an ASX-510. The ICP-MS was run with 
the conditions listed in Table 11. In brief, sample solutions were diluted to 4000 times and 
added with 12ppb 6Li, 6ppb 61Ni, Rh, In and Re, Bi, and 235U internal spikes. USGS W2 was 
used as reference standard and crossed checked with BIR-1 or other reference materials. 
Instrument drift mass bios were corrected with internal spikes and external monitors. 
Monitors used were STD w2a, W2, W2 (MPI), BCR-1, BCR-1(MPI), BHVO-2.   
Table 11 -Thermal X Series Instrument Conditions 
Parameter Value 
Cooling gas 13 L/min 
Auxiliary Gas 0.9 L/min 
Neb gas 0.88-0.9 L/min 
Forward Power 1400W 
Peristaltic pump 21 RPM 
Nebulizer 0.4ml / min 
 
 MULTICOLLECTOR INDUCTIVELY COUPLED PLASMA SPECTROSCOPY (MC-ICP-MS) - 
PB AND ND ISOTOPE ANALYSIS 
Nd isotopes were analysed on the Nu Plasma HR MC-ICP-MS with a DSN-100 dissolvation 
nebulizing system, using a three-cycle dynamic procedure. Instrument bios and mass 
fractionation was corrected by normalization raw ratios to 146Nd/144Nd = 0.7219. Eleven 
measurements of JNdi-1 yield an average 143Nd/144Nd = 0.512113 ± 9 (No=11), which is 
consistent with consensus value: 0.512115 ± 7. Lab standard, Ames Nd Metal were used as 
routine instrument drift monitor, correspondent with JNDi-1, 17 analyses yield an average 
of 143Nd/144Nd = 0.511966 ± 16. This value was used as calibration reference for instrument 
drift, which is usually less than 15ppm.  
Pb separate from column chemistry was doped with 4-5 ppb Tl for internal fractionation 
correction. The 205Tl/203Tl ratio of 0.23875 was used for fractionation correction. 13 
analyses of NBS-981 in a same batch with unknown samples, yield an average ratios, with 2 
standard deviations as below: 208Pb/204Pb = 36.7071 ± 79; 207Pb/204Pb = 15.4944 ± 22; 
206Pb/204Pb = 16.9370 ± 31; 208Pb/206Pb = 2.16729 ± 16; 207Pb/206Pb = 0.91483 ± 6; The ratios 
were slightly different from the report by Collerson et al. (2002); which values were used 
for a further minor correction.  The measurements of analysis standards are provided in 
Table 12. 
Table 12 - Pb isotope measurements of NBS-981 standard  
 
 
Standard 206/204 1s 207/204 1s 208/204 1s
NBS-981 15ppb test 16.9431 0.0006 15.4967 0.0005 36.7192 0.0013
NBS-981 15ppb test 16.9422 0.0007 15.4950 0.0007 36.7136 0.0018
NBS-981 15ppb tst wet skimmer 16.9423 0.0004 15.4948 0.0004 36.7115 0.0011
NBS-981_15ppb_2.3879 16.9415 0.0007 15.4930 0.0007 36.7081 0.0015
NBS-981_15ppb_2.3879 16.9428 0.0010 15.4944 0.0009 36.7091 0.0022
NBS-981_15ppb_2.3879 16.9393 0.0005 15.4913 0.0004 36.7025 0.0010
NBS-981_15ppb_2.3879 16.9427 0.0005 15.4934 0.0006 36.7090 0.0018
NBS-981_15ppb_2.3879 16.9430 0.0004 15.4943 0.0004 36.7102 0.0011
NBS-981_15ppb_2.3879 16.9384 0.0013 15.4910 0.0012 36.7035 0.0027
Average 16.9417 0.0007 15.4938 0.0007 36.7096 0.0016




Appendix 6 – XRD plots 
XRD plots for sample 29 showing removal of secondary chlorite and calcite during the 0.5N 
and 6N leaching process. 
TOP=Original, MIDDLE=0.5N HCl, BOTTOM=6N HCl. Cl = Chlorite, Act = Actinolite, Plag = 




XRD plots for sample 33 showing removal of secondary chlorite and calcite during the 0.5N 
and 6N leaching process. 
TOP=Original, MIDDLE=0.5N HCl, BOTTOM=6N HCl. Cl = Chlorite, Act = Actinolite, Epi = 
Epidote, Tc = Talc 
 111 
 
Appendix 7 – Sample locations 
 
Sample no. Easting Northing Zone Greenstone Belt Field Litho Description Mapped Formation Comment
AH-18/7-04 782492 7686240 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-18/7-05 782529 7686161 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-18/7-06 782418 7686150 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-18/7-07 782418 7686150 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-18/7-09 782416 7686150 50 Doolena Gap Pillow Basalt + Rind Mount Ada Basalt
AH-18/7-10 782416 7686150 50 Doolena Gap Massive Basalt Mount Ada Basalt
AH-18/7-12 782322 7685944 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-18/7-14 782211 7685858 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-19/7-18 782065 7686392 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-19/7-20 Doolena Gap Pillow Basalt Mount Ada Basalt (~7m west from sample 18)
AH-19/7-22 781950 7686432 50 Doolena Gap Massive Basalt Mount Ada Basalt
AH-19/7-23 781949 7686432 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-19/7-24 782380 7685862 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-19/7-25 782639 7685926 50 Doolena Gap Pillow Basalt Mount Ada Basalt
AH-19/7-26 782810 7686051 50 Doolena Gap Basalt (pillow?) Mount Ada Basalt
Lower certainty on pillow 
structure
AH-20/7-28 761998 7694852 50 Warralong Pillow Basalt Mount Ada Basalt
AH-20/7-29 762063 7694990 50 Warralong Pillow Basalt Mount Ada Basalt
AH-20/7-30 Warralong Pillow Basalt Mount Ada Basalt (~1m from sample 29)
AH-20/7-31 762031 7695080 50 Warralong Pillow Basalt Mount Ada Basalt
n/a
n/a
 Appendix 8 - Sm-Nd Regressions using unleached 




Figure 38 - Sm-Nd isochron for all unleached Doolena Gap Samples (Unleached 147Sm/144Nd versus unleached 
143Nd/144Nd). Ellipses show error for each sample.  Plotted using IsoPlot version 4.1 (Ludwig, 2009). 
 
 
Figure 39 - Isochron for ‘least-altered’ samples AH09, AH12, AH25 and AH26 (Unleached 147Sm/144Nd versus 





















Age = 4327±2700 Ma
Initial 143Nd/144Nd =0.5068±0.0037
MSWD = 14
data-point error ellipses are 68.3% conf .
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Appendix 9 Thin Section Photos 
  










































Outcrop photo of sample AH29 basalt  
 
Outcrop Photo of AH04 Pillow basalt 
 
Doolena Gap greenstone belt, Pilbara Craton  
 
Pillow basalt outcrop near AH05 and AH06 
 
AH06 Pillow basalt 
 
AH07 Pillow basalt 
 
AH09 Pillow basalt 
 
AH12 Pillow Basalt 
 
AH28 Pillow Basalt 
 
AH30 Pillow Basalt 
